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This thesis reports on the one-pot hydro/solvothermal synthesis of a range of mixed 
metal cerium oxides with potential catalysis applications. The produced materials 
were characterised using a wide range of techniques to understand the synthesis-
dependent variations in crystallite size, morphology, surface absorbed species and 
redox properties. 
The hydrothermal synthesis of bismuth-substituted cerium dioxide is reported. The 
choice of starting reagents in the hydrothermal reaction was found to affect the 
crystallite sizes of the resulting Ce0.5Bi0.5O2-δ samples. The Ce0.5Bi0.5O2-δ samples 
with the lower crystallite size and hence larger surface areas were derived from the 
use of Ce(NH4)2(NO3)6 as the cerium source. In situ X-ray diffraction and X-ray 
absorption experiments indicate that the cubic structure of Ce0.5Bi0.5O2-δ is formed 
via formation of poorly ordered CeO2 followed by the reduction of bismuth and/or to 
the crystallisation of α-Bi2O3 from the bismuth starting reagents prior to its inclusion 
into CeO2. 
The solvothermal reaction of CeCl3 with LnCl3 (Ln = La, Pr, Gd and Tb) in 
polyethylene glycol at 240 °C yields a range of previously unreported Ce1-
xLnx(OH)2Cl samples with a unusual morphology. Barring lanthanum, up to 
approximately 50% lanthanide-substitution was achieved. Contrarily, the series of 
Ce1-xLnx(OH)CO3 materials prepared via the use of nitrate precursors achieved only 
20% lanthanide-substitution. The thermal decomposition of the lanthanide-
substituted cerium precursors produces materials that adopt the fluorite type unit cell 
and retain their unique crystal morphology. X-ray absorption near-edge structure 
spectra recorded at the Pr and Tb K-edges indicates the existence of both in two 
oxidation states, Tb3+/Tb4+ and Pr3+/Pr4+. The results deduced from XANES spectra 
of the mixed oxides agree with the calculated lattice parameters refined from the X-
ray diffraction patterns. The incorporation of lanthanide cations improves the 
reducibility of ceria as measured by H2-temperature programmed reduction. 
Three methods using alkoxide starting reagents have successfully been able to 
synthesise the ordered k-Ce2Zr2O8 phase. Powder X-ray diffraction shows that the 
cationic ordering can be achieved at temperatures as low as 1000 °C without the use 
of reducing gases. A study of both the local environment and structure of the 
zirconium substituted ceria samples reveals that the solvothermal method of 























1. Introduction  
1.1 Cerium dioxide (Ceria, CeO2) 
CeO2 is widely known for its catalytic properties due to the fact that is susceptible to 
reduction by either reducing gases such as carbon monoxide or just by heating in air. 
This occurs by firstly reacting with the oxygen atoms on the surface layer of CeO2 to 
produce oxygen vacancies in the CeO2 lattice and carbon dioxide. The oxygen 
deficient CeO2 can be then efficiently replenished under sufficient oxidising 
conditions. [1] 





The redox cycle of inter-converting between the +4 and +3 oxidation states of 
cerium in the above equation is limited by δ, which is defined as the oxygen storage 
capacity (OSC). For heterogeneous catalytic applications being able to increase the 
surface area and hence enabling easier reduction of CeO2 is a desired attribute. In 
order to maximise this attribute and the OSC of CeO2 the majority of the research 
conducted in this area has focused on substituting cerium with other cations with the 
aspiration to either establish active sites for absorption and subsequent catalysis or 
create lattice distortions in order to increase oxygen vacancies and ion mobility. 
1.1.1 Properties and uses 
CeO2 exists in the cubic fluorite type of structure (CaF2) with space group Fm3̅m, 
which is a face-centred cubic unit cell (a = 5.4112 Å). [2] The structure consists of an 
array of cerium cations co-ordinated by eight nearest-neighbour oxygen anions, 
while each oxygen is co-ordinated by four nearest-neighbour cerium cations (Figure 
1). CeO2 is pale yellow in colour, presumably due to the Ce






Figure 1: a) A CeO2 unit with cerium atoms in blue and oxygen atoms in purple b) Two views along the surface of 
the unit cell. (Green lines depict the cerium co-ordination and blue lines the oxygen co-ordination). 
Stoichiometric CeO2 is an insulator, and its electronic structure is characterised as a 
fully occupied O 2p and empty 4f and 5d states. [4] At elevated temperatures and in 
an O2-deficient atmosphere, CeO2 is susceptible to reduction to give non-
stoichiometric CeO2-δ (0 < δ ≤ 0.5) which has a dark blue, virtually black colour. 
[5] 
Under extreme reducing conditions CeO2, converts to the sesquioxide Ce2O3 (space 
group: P3̅m1). [6] The formation of oxygen vacancies is a consequence of decreasing 
O2-, to maintain the charge balance two reduced Ce3+ species are formed. This 
partially reduced phase contains a distribution of Ce3+ and Ce4+ centres that can 
readily interconvert, by the oxidation and reduction of the Ce 4f levels. This affects 
the electronic conduction of CeO2, which has been attributed to the formation of 
small polarons that diffuse via a hopping mechanism between the Ce3+ and Ce4+ 
valence states. [7] The alteration of CeO2-δ valence and defect structure is dynamic 
and depends on variations in temperature, oxygen partial pressure, surface stresses, 
electrical field and substitution with other cations and so on. [8-10] The non-
stoichiometry of ceria originates from the fact that cerium can readily change its 
oxidation state. The oxidation of cerium however, is much faster than the reduction 
therefore a lot of research has focused on promoting its reducibility.  
The presence or lack of lattice oxygen is therefore presumably responsible for the 
useful catalytic properties of ceria. These unique properties have led CeO2 to be used 
in several applications such as, UV-protecting agents, [11-13] as anti-corrosion 
protection for metals and alloys, [14-16] as an anode material for lithium ion batteries, 
[17] water-gas shift reaction, [18-19] as a catalyst for diesel soot combustion, [20-21] 
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water-splitting (H2 generation), 
[22] solar cells [23] and various biological applications. 
[24]  
1.1.2 Synthesis techniques 
The chemical methods of synthesis play a vital role in the discovery and in the 
design of novel materials. Inorganic solids have been prepared in the past years using 
a wide array of synthetic conditions. Solid-state synthesis often edging towards the 
extreme, such as high temperatures and pressures, as well as oxygen partial pressures 
have been employed for metal oxide synthesis. These methods tend to produce the 
most thermodynamically stable materials but lack the ability to possess more control 
over the particle size and morphology. The extreme conditions used in solid-state 
methods are also not normally necessary, so the present trend has focused on getting 
better control of the structure, stoichiometry, and purity through more refined 
methods. Low temperature chemical routes such as solution-based methods make 
use of simple chemical reactions such as, condensation, hydrolysis, dehydration and 
chemical reduction. Many of the materials prepared by these methods are metastable 
and contain some degree of disorder and/or defects, which are favoured for 
applicability in a wide range of commercial devices. The materials can be engineered 
to have different, sizes, shapes and surface characteristics, which are highly tuneable 
properties owing to the large variety of controllable synthetic parameters.   
In this chapter a few of the frequently used synthetic techniques are addressed in 
more detail below.  
1.1.2.1 Solid-state methods  
The most common and oldest method of preparing metal oxides is by the solid-state 
method. This method involves grinding reagents (generally oxides, oxalates, 
carbonates or other suitable metal containing compounds) and then heating the 
mixture to a desired temperature. The entire reaction progresses by a phase boundary 
reaction at the interface between the reagents and subsequently by ion diffusion. As 
the reaction advances the diffusion paths increase and the reaction rate decrease. 
Therefore, it is often necessary to perform several intermittent grinding and re-
heating cycles to speed up the reaction and to obtain a phase pure product. The 
advantages of using this method is that the desired compositional ratio of the product 
will usually be known and the conditions for the synthesis are straightforward. Since 
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usually the method involves the use of extreme temperatures the products typically 
very crystalline, which makes product identification simple.  
However, the solid-state method also has its limitations, periodic X-ray diffraction 
data and other measurement techniques are required to determine if the reaction has 
reached completion. Therefore, achieving a phase pure product is basically trial and 
error, to which some mixtures are commonly unable to be separated or contain local 
inhomogeneity. This method is also only suitable for when the product is the most 
thermodynamically stable phase. Frequently the products formed also have a low 
surface area which limits the number of applications the materials are suitable for. 
Despite of these drawbacks, the solid-state method has been successfully used to 
synthesise a wide range of solid materials. For example, La1-xSrxGa1-yMgyO3-δ can be 
synthesised either by using a conventional furnace at 1550 °C [25] or by a CO2 laser 
[26] which is a modification on the solid-state method to aid in overcoming some of 
its limitations. By reducing the time, energy and the inhomogeneity of the desired 
product. Hence, improving the materials suitability as a potential electrolyte for 
SOFCs.  
1.1.2.2 Sol-gel methods  
The sol-gel method is a well-established approach for the synthesis of inorganic 
oxides.  The formation of the metal oxide via this approach involves several different 
consecutive steps. The first involves forming a dispersion of colloidal powders 
within a solution (the sol). This sol then becomes a ‘gel’ through simultaneous 
hydrolysis and polycondensation of the organometallic precursors (generally metal 
acetates, nitrates or metal alkoxides etc). The formed gel is an interconnected three-
dimensional network of oxide- or alcohol-bridged metal ions within a liquid 
medium. The third step involves the water and/or other volatile liquids being 
removed from the gel network, either by thermal evaporation or extracted under 
supercritical conditions. The choice of this drying process in some cases has a direct 
result on the pore radii as well as the structure of the product. As when the pore 
liquid is removed, it induces capillary stresses on the gel which results in either a 
close resemblance or a collapsed version of the original gel network. The former 
being known as an aerogel which is recovered by evacuation and the latter as an 
xerogel by evaporation. These reactions typically occur at room temperature, so an 
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optional final step is a further heat treatment to a higher temperature (≥ 300 °C) to 
forge a more crystalline product. The beneficial features of the sol-gel method are 
better homogeneity compared to the traditional solid-state method, lower reaction 
temperature, better size and morphology control. The tunability of the final products 
are significant due to the wealth of variable parameters being precursor structure and 
concentration, pH, agitation, as well as the use of aqueous or non-aqueous solvents. 
The synthetic procedure can also be modified to include the use of chelating agents, 
one such example being the Pechini method.  The synthetic process for the Pechini 
method involves introducing the metal salts into a solution such as citric acid and 
ethylene glycol. [27] This method is based on the fact that the organic acid can form 
stable chelates with multiple cations. [28] Upon heating in the presence of the alcohol 
a polycondensation reaction occurs resulting in the formation of an amorphous 
product. Further heating to a higher temperature results in the thermal decomposition 
of the organic ligands to form the nanocrystalline products. [29] 
1.1.2.3 Hydrothermal and solvothermal methods  
The hydrothermal or solvothermal methods are one of the most common and 
effective synthetic routes to synthesise inorganic materials with a variety of 
morphologies. The hydrothermal synthesis method is described as a chemical 
reaction that occurs in an aqueous solution that is heated in a closed system above 
ambient temperature and pressure (typically > 100 °C and 1 atm). [30] Under such 
conditions an autogenous pressure is created internally due to the vapour pressure of 
the water, contrary to an external one being applied. Hydrothermal processing allows 
many inorganic materials to be prepared at temperatures substantially below those 
required by solid-state methods. The hydrothermal method relies on generating “gel 
precursors” which involves the complexing of metal salts in basic solutions, which 
are stirred at room temperature in a Teflon liner. The Teflon containers are then 
transferred and sealed into metal autoclaves and placed into an oven and heated for a 
period, after which, the mixture is filtered and dried to recover the crystalline 
material. During this process the applied conditions facilitate the dissolution of the 
metal salts and the products are then formed by crystallisation. The advantages of 
utilising aqueous solvents are that it aids in the dissolution of the reagents and 
improves ion migration which affords higher homogeneity. The modification of the 
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thermodynamic variables or the solvent used alters the crystallisation process which 
enables for the control of the resulting particles morphology and size. [31] 
However, there is no requirement for the reaction solvent to be an aqueous solution, 
non-aqueous solvents have also been used and these types of reactions are termed 
solvothermal. [32-34] Solvothermal synthesis is similar to the hydrothermal method but 
uses organic solvents (such as, ethanol, toluene, chloroform, etc), this allows for the 
use of precursors or allows for the formation of products that would otherwise be 
unstable in water. The use of a non-aqueous media in solvothermal reactions induces 
low solubility of inorganics, due to its low dielectric constant that would otherwise 
display low solubilities under ambient conditions. Above the supercritical 
temperature of the solvent, the solvent exhibits the characteristics of both a liquid 
and of a gas. The properties of the solvent, such as dielectric constant and density, 
change dramatically under supercritical conditions as a function of temperature and 
pressure. Adjusting these parameters allows for control over the particle size, 
morphology and microstructure of the obtained products. Most reactions, however, 
simply take advantage of the increased solubility and reactivity of the metal salts at 
elevated temperatures without bringing the solvent to its critical point.  As lower 
temperature reactions are less energy intensive and incur lower production cost for 
commercial applications.   
In the case of sol-gel methods, which also have the advantage of lower reaction 
temperatures subsequent annealing is required to produce a more crystalline product 
unlike with the hydrothermal methods. The disadvantages of using hydrothermal 
methods is that it utilises a closed system which limits the amount of analytical 
information that can be obtained about the formation of the crystals and the 
mechanisms involved. Overall this synthetic technique affords a simple one-step 
synthetic route that is particularly well known for its capability to synthesise a 
diverse range of phase pure single and multi-component oxide materials. 
1.2 Doping of cerium dioxide  
CeO2 has the capacity to integrate an extensive range of dopant ions, whilst retaining 
the fluorite structure. These systems have a long history of investigations as potential 
materials for both catalyst supports and as the active catalyst. Limited research has 
been conducted on introducing anions into the ceria lattice. The research that has, 
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focused on replacing the oxygen in ceria for fluoride anions [35] and others on doping 
nitrogen into the structure. [36-37] However, most of the conducted research into ceria 
has focused on the substitution of Ce for other cations, to form either ternary or 
higher oxides. 
Among the aliovalent cations that have been substituted into ceria, the divalent alkali 
earth metal Ca, is a competitive candidate for use as an electrolyte in SOFCs because 
of its high ionic conductivity at the intermediate temperature region (300-500 °C). 
[38-40] Ce1-xCaxO2-δ demonstrates two essential commercial advantages, a lower 
production cost and being less of an environmental concern. These attributes have 
also led to them being a promising candidate for UV-protection materials in 
sunscreens [41] and have been prepared by simple co-precipitation methods. [42-43] 
Comprehensive reviews on transition metal substituted ceria have been conducted as 
ceria is almost able to incorporate every single one of them to some degree. For 
example, the substitution of Ce4+ with the considerably smaller Ti4+ cations (0.97 
and 0.74 Å, respectively) of the form Ce1-xTixO2-δ still retains the fluorite structure 
up to a value of x = 0.5. EXAFS studies on these materials has revealed two distinct 
Ti – O bond lengths, resulting in a two difference types of oxygen, one set more 
strongly bound than the other. The weaker bound oxygens being responsible for the 
improved catalytic performance of these mixed oxides. [44] As a catalyst these 
materials were studied for a variety of potential applications such as wet air 
oxidation, [45] NO removal, [46-48] and low-temperature CO oxidation. [49] Solid 
solutions of Ce1-xYxO2-δ can be synthesised over the whole range of compositions (0 
≤ x ≤ 1). The ionic radius of Y3+ (1.019 Å) is very similar to that of Ce4+, thus 
facilitating easy dissolution into the ceria lattice. Closely related to the fluorite 
structure, Y2O3 adopts the C-type structure (space group: Ia3̅), when the 
compositional range exceeds x = 0.5 the materials exhibit this structure. Combining 
Rietveld and Pair distribution function (PDF) analyses of neutron and X-ray powder 
diffraction data suggests that at low dopant concentrations Y2O3 exists as domains 
within the CeO2 matrix. For the inverse the model is reversed CeO2 domains reside 
within Y2O3. 
[50-51] The lower valency of Y leads to the formation of oxygen 
vacancies, this and the non-random distribution of cations results in excellent ionic 
conductivity at low dopant concentrations. These attributes have led to extensive 
research in these materials for applications as electrolytes in SOFCs. [52] 
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Ce0.67Cr0.33O2.11 was initially synthesised via a hydrothermal reaction using 
diethylenetriamine (DETA) as the solvent. [53] The oxidation states of Cr were 
investigated by XPS which revealed that the substituted Cr has a mixed valence state 
Cr4+/Cr6+ in a 2:1 ratio, respectively. The mixed oxidation states of Cr in the ceria 
lattice creates distortions, permitting extra oxygen to occupy interstitial sites. These 
factors were to be found to improve the oxygen release/ storage properties of the 
ceria making it markedly active for low temperature water splitting. [54] However, the 
viability of these materials for commercial applications is a concern due to the 
toxicity of Cr6+. Mn-substituted ceria has been shown to have exceptional catalytic 
performance for oxidation reactions, diesel soot, [55-57] chlorobenzene, [58] phenol, [59] 
hexane, [60] as well as selective catalytic reduction of NO with NH3 at low 
temperature. [61-62] Cu-containing CeO2 material have acquired considerable attention 
in the fields of energy and environmental applications due to their unique 
physiochemical characteristics. [63-65] In situ XANES combined with diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) was used recently to 
identify the local structure of a 5% loaded CuO/CeO2 catalyst under reduction by 
CO. The study was able to determine under increasing temperature a transformation 
of the Cu oxidation state on the surface occurred, shifting gradually from Cu2+ to 
Cu+ and finally Cu0. However, it was determined that only the Ce4+/Ce3+ and 
Cu2+/Cu+ species participates in the redox mechanism of CO oxidation over Cu0. [66]  
Most of the research into the addition of precious metals have focused on loading 
small quantities (≤ 5 mol%, due to the considerable expense of these materials) of 
the metal on the surface via typically a wet impregnation method. [67-70] The addition 
of the precious metals notably enhances the lower temperature reducibility of the 
materials, by creating oxygen vacancies and active centres that act as adsorption 
sites. [71-72] So predominantly the research has focused on reducing the quantity of 
precious metal whilst retaining its improved catalytic performance. Studies have 
shown that for Pt/CeO2 the different morphologies of CeO2 affects the concentration 
of oxygen vacancies and the metal-support interaction between the Pt species and 
CeO2, in turn affecting the catalytic performance for CO oxidation. 
[73-74] The solid 
solution form of Ce1-xMxO2-δ (M = Pd, Pt, Ru, Rh) shows favourable hydrocarbon 
and CO oxidation as well as NO reduction activity compared to the dispersion of the 
precious metals on the surface. [75-76] Recently, Ce0.99Rh0.01O2-δ has been synthesised 
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by a co-precipitation method which exhibits a high potential for use as an active 
material to convert H2O and CO2 directly into organic fuels. 
[77] Sonochemical 
synthesis of Ce1-xMxO2-δ (M = Pt or Pd, 0 ≤ x ≤ 0.1) has been shown to be an 
effective catalyst for methanol oxidation. [78] Hydrothermal synthesis of 
Ce0.95Ru0.05O2-δ showed improved activity for the water-gas shift reaction at low 
temperature. [79] 
Post-transition metal substitution into ceria has also been investigated showing high 
levels of incorporation for the metals that can be incorporated by a variety of 
synthetic techniques. For instance, a range of preparative techniques have been used 
to synthesise Ce1-xSnxO2-δ using electrospinning, 
[80] co-precipitation, [81] solution 
combustion [82] and hydrothermal methods. [83] Sn-substituted ceria has exhibited 
improved CO conversion [84] as well as selective catalytic reduction of NOx by NH3. 
[85] These materials have the additional benefit of possessing a high tolerance 
towards H2O and H2S, which is a very promising attribute for the latter type of 
emissions.  
Lanthanoid inclusion into the ceria lattice has been studied extensively, due to their 
ionic radii being similar to that of Ce4+ as well as being able to occupy eight-
coordinate sites. For example, ceria doped with lower valent cations such as Gd form 
highly oxygen deficient materials that exhibit high oxygen ion conductivities at 
elevated temperatures and have been previously studied for their application in 
SOFCs. [86-89] Lanthanum substituted ceria is also considered a high-k gate dielectric 
material for use in microelectronic devices. [90] Lanthanoids with aliovalency such as 
praseodymium and terbium (Pr3+/Pr4+ and Tb3+/Tb4+) reaction higher oxygen ion 
mobility and the substitution of cerium with either cation, increases the number of 
redox sites on the surface, and hence creates more oxygen vacancies. These 
beneficial effects have led to the potential use of Ce1-xPrxO2-δ as catalysts for diesel 
soot combustion. [91-94] The substitution of Pr into ceria has also shown to increase 
the dispersion of other metals loaded on to the surface, such as Pd. The increased 
metal catalyst dispersion as well as the increased lower temperature reduction of the 
materials has produced materials which have improved catalytic activity for the 
water gas shift reaction. [95] The inclusion of Tb into ceria has shown to be an 
interesting material in research areas such as air separation, due to its high O2/N2 
selectivity. The increased oxygen uptake has shown to increase upon increasing Tb 
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content. [96] Other rare-earth cations like Yb, Tm and Ho have been incorporated into 
ceria and have been shown to cause electronic interactions, due to spin-orbit 
coupling and the degeneracy of the 4f levels. The ability to absorb light in the 
infrared region, results in the excitation of electrons to the higher 4f energy levels. 
The resulting reversion of these electrons to the ground state generates emissions in 
the green and red regions of the electromagnetic spectrum. These attributes have led 
to these materials being used in energy conversion devices such as in solar cells. [97] 
A huge range of approaches have been utilised to synthesise Ce1-xSmxO2-δ such as 
polymer pyrolysis, [98] pulsed laser deposition, [99] ultrasonic spray deposition, [100] 
hydrothermal synthesis, [101] solid-state ceramic method, [102] and co-precipitation. 
[103] Samarium modified ceria has been described as a potential catalyst for selective 
oxidation of methane, [104] electrolyte in SOFCs, [105] and electro-oxidation catalyst, 
[101] due to a high oxygen mobility.  
1.2.1 Cerium bismuth oxides  
Cerium bismuth oxides have previously been studied as they present enhanced 
properties in contrast to pure ceria such as an increased number of oxygen vacancies. 
The introduction of bismuth (Bi3+) into the structure also creates an unsymmetrical 
distortion due to the presence of a lone pair of electrons, this distortion improves ion 
migration. The attributes of this oxide, for example have led to research for its use as 
an oxidation catalyst for hydrogen combustion. Ce0.9Bi0.1O2 has been reported to 
have both a higher activity and selectivity towards hydrogen combustion in 
comparison to other conventional catalysts. [106] Other research has reported that 
these advantages make Ce0.8Bi0.2O2 useful for solar energy conversion as a photo/ 
thermo-catalyst as it couples both ionic and electronic conductivity at a low 
temperature (20-80 °C). [107] Cerium-bismuth oxides have previously been 
successfully synthesised from several different starting reagents and various 
synthetic routes have also been developed to produce these cerium-bismuth oxide 
materials (Ce1-xBixO2-δ) such as hydrothermal synthesis, 
[107-109] chemical 
precipitation (Pechini method) [110-111] and self-propagating room temperature. [112-
113] 
1.2.2 Cerium hydroxides  
Cerium carbonate hydroxide is known to have either hexagonal (P6̅2c) or 
orthorhombic (Pnma) structure and both have been studied and employed due to 
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their electronic [114] and optical properties. [115] Novel synthetic routes have been 
developed to synthesise cerium carbonate hydroxides with different morphologies. 
Among these reports, shape-controlled synthesis has been achieved via sonochemical 
[116] and hydrothermal [117] methods producing varied structural morphologies. A 
wide range of different crystal morphologies have been reported in the literature and 
a few examples include dendrite, [118] flower-like, [119-120] nanorod [121] and shuttle 
morphologies. [122] More recent applications of this material are as an electrode 
material for lithium ion (Li-O2) batteries 
[123] as it is claimed to have electrochemical 
reversibility. Cerium carbonate hydroxide has also been used for synthesising ceria 
while retaining the unusual morphologies through thermal decomposition.   
1.2.3 Cerium zirconium oxides  
One of the major applications of cerium zirconium oxides is in three-way catalysts 
(TWC). [124-125] The most well-known problem involved with using ceria as an 
automotive exhaust catalyst is the sintering of the ceria particles at high temperatures 
and after progressive aging. This sintering process is strongly correlated to the redox 
properties of ceria. [126] The incorporation of zirconium into the ceria lattice stabilises 
the structure and improves the thermal properties and longevity of the catalysts. The 
insertion of a smaller sized ion as zirconium also improves the oxygen storage 
capacity (OSC) of ceria. The size difference creates a higher degree of structural 
disorder, with oxygen atoms positioned at weaker bonding distances, [127] thus 
increasing the reducibility of Ce4+ and hence the mobility of the oxygen anions 
within the lattice. Numerous protocols for synthesising Ce1-xZrxO2-δ have been 
prepared such as, co-precipitation, [128-129] sol-gel [130] and hydrothermal methods. 
[131] The oxygen storage capacity of Ce0.5Zr0.5O2-δ can be enhanced by reducing the 
material under a flow of H2 at high temperatures (≥1000 °C) to form a pyrochlore 
phase (Ce2Zr2O7+δ, space group: Fd3̅m). Performing a mild re-oxidation (≥500 °C) 
of this material under atmospheric conditions produces a kappa phase (Ce2Zr2O8, 
space group: P213). This phase contains a higher degree of cationic ordering and 
allows for the formation of weakly bound oxygen atoms (1/8 of the oxygen anions 
can be readily removed). 
1.2.4 Cerium aluminium oxides 
Ce1-xAlxO2-δ has been reported to have been successfully synthesised using CeCl3 
and AlCl3 as starting reagents via the combination of chemical precipitation and 
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annealing at 900 °C. One article reports up to x = 0.15 aluminium. [133] Other 
literature has reported that cerium aluminium oxide has been synthesised by 
combustion synthesis and investigation as a new cathode material for lithium ion 
(Li-O2) batteries. Aluminium content of up to x = 0.2, has been reported to give a 
higher surface area and porous morphology for improved discharge capacity. [134] 
The crystal structure of these produced materials is still under debate however as 
conflicting information is provided about the lattice parameters in relation to CeO2, 
either due to synthetic route or other unknown factors. One report suggests the lattice 
parameter increases due to oxygen ion vacancies and on the other hand that it 
contracts due to the small ionic radii of aluminium. [133-134]  
1.3 Aims of the PhD study 
• To develop a broader understanding of the formation mechanisms involved 
during the synthesis of inorganic oxide materials, to lead to being able to 
control mixed metal oxide materials morphology, particle size and crystal 
structure. 
• Initially the simple system of cerium-bismuth oxide will be investigated, and 
the knowledge gained will later be integrated into developing the 
understanding of more complex systems, with the eventual intent of 
producing new target materials.   
• To synthesise pure materials with well-defined crystal structures via different 
synthetic routes and combinations of starting materials.  
• The synthesised materials will be analysed using various diffraction and 
spectroscopic techniques to determine the crystal structures and 
morphologies of each of the materials prepared by different synthetic 
methods. 
• To test catalytic properties of materials in collaboration with Johnson 
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2. Experimental  
2.1 Crystal systems and unit cells  
Crystals are regular-shaped solid particles that are derived from a three-dimensional 
arrangement of atoms. These arrangements are composed of basic repeat units, 
singularly known as a unit cell. By defining the different shapes and symmetries of 
the unit cell as well as the locations and the identities of the atoms within it, enables 
an easy method to both categorise and compare different crystal systems. As most 
importantly, regardless of its physical size the entire crystal can be reconstructed by 
simple translations of this unit cell in any direction. Six scalar quantities are used to 
define the dimensions and geometries of the unit cell: (a, b and c) represent each 
edge of the unit cell and (α, β and γ) represent the angles between them. Together 
these scalar quantities with the simple translational symmetry give rise to seven 
different crystal classes as shown in Figure 2. The positions of the atoms within 
these unit cells are described by fractional co-ordinates (x, y and z) with respect to a 
point of origin.  
 
Figure 2: Unit cells of the seven crystal systems: (a) Cubic, (b) Tetragonal, (c) Orthorhombic, (d) Monoclinic, (e) 
Triclinic, (f) Trigonal and (g) Hexagonal. 
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2.2 Lattice and Bravais lattice  
A lattice is defined as a regular array of equivalent points, termed lattice points. The 
unit cells are constructed by linking these lattice points in three dimensional space. 
The lattice provides no information about the positions of the atoms, only the 
translational symmetry. A lattice can be one of four unique possibilities, either 
primitive, body-centred, face-centred or base centred denoted as P, I, F and C 
respectively. A primitive cell contains lattice points in only the corners. A body-
centred lattice contains an additional lattice point in the centre of the cell. A face-
centred lattice contains lattice points centred on each of the faces. A base-centred 
lattice contains points that are on an opposite pair of faces. These four possibilities as 
shown in Figure 3 can be combined with the seven crystal systems to form what is 
known as Bravais lattices which define all possible crystal variations.  
 
Figure 3: Bravais lattices for the cubic unit cell: (a) P- Primitive, (b) I - Body centred, (c) F- Face-centred and (d) C- 
Base-centred. 
Additionally, however, not all of the four lattices can be combined with each of the 
seven different crystal systems to give rise to a unique Bravais lattice. As some 
would violate symmetry requirements, hence there are fourteen different types of 
Bravais lattice as shown in Table 1. 
Table 1: The seven crystal systems and their respective parameters and Bravais lattices. 
Crystal system Unit cell parameters Bravais lattices Example 
Cubic a=b=c, α=β=γ=90° P, I, F NaCl 
Tetragonal a=b≠c, α=β=γ=90° P, I TiO2 
Orthorhombic a≠b≠c, α=β=γ=90° P, I, F, C MgSO4 
Hexagonal a=b≠c, α=β=90°, γ=120° P ZnO 
Trigonal (a) a=b=c, α=β=γ≠90° P CaMg(CO3)2 
Trigonal (b) a=b≠c, α=β=90°, γ=120° P Ir4(CO)12 
Monoclinic (a) a≠b≠c, α=γ=90°, β≠90° P, C KYb2F7 
Monoclinic (b) a≠b≠c, α=β=90°, γ≠90° P, C Gd2Cl3 




2.3 Miller Indices and lattice planes 
Repeat translations of the unit cells form an equally spaced array of lattice points. 
Connecting these lattice points with imaginary lines in two dimensional space forms 
parallel sets of lines known as lattice planes. For three dimensional structures these 
lines are known as lattice planes which are described by integer values, (h, k and l), 
called Miller indices. The Miller indices (hkl) refer to the intersection of the plane on 
the three axes of the unit cell (a, b and c) from a defined origin. The points of 
intersection occur at fractional intercepts along each edge and hence are given by 
reciprocals of the Miller indices (1/h, 1 k⁄  and 1 l⁄ ). The perpendicular distances 
separating these parallel lattice planes are known as the d-spacing, denoted as dhkl. 
The Bragg peaks in an X-ray diffraction pattern can be indexed by relating these 
distances to the Miller indices by an equation specific to each individual crystal 













2.4 X-ray analysis  
2.4.1 Powder X-ray Diffraction (XRD) 
Powder X-ray diffraction (XRD) is a useful technique to analyse the structure of 
crystalline solids and is able to provide information about both the size of the unit 
cell and its symmetry. The X-rays interact with the electron cloud surrounding atoms 
as they are of an appropriate wavelength to be diffracted by the crystal lattice. 
Bragg’s law describes this diffraction in terms of reflections of the X-rays from a 
parallel set of lattice planes. Bragg’s Law states that a parallel beam of 
monochromatic X-rays directed at the surface of a crystal with an incident angle, θ, 
will be reflected with the same angle of scattering as shown in Figure 4. If the d-
spacing, d, between the crystal planes is equal to an integer number, n, of the 





Figure 4: Pictorial derivation of Bragg's Law. 
Bragg equation: 
 




n An integer  
λ X-ray wavelength 
d d-spacing 
θ Bragg angle 
  
Grinding a crystal sample into a fine powder produces a large number of small 
crystallites with a vast range of random orientations. Subjecting this powder to a 
monochromatic beam of X-rays will cause diffraction to occur from the different 
symmetry planes within, that have the desired orientation to fulfil the Bragg 
equation. By vary both the angle of incident beam and the position of the detector it 
is possible to produce a diffraction pattern by plotting the counts of the detected X-
rays as a function of the scattering angle (2θ). 
2.4.2 Powder X-ray diffraction (XRD) experiment  
A Bruker D5000 powder X-ray diffractometer equipped with a standard Bragg-
brentano reflection geometry was used to characterise the majority of the prepared 
samples. The diffractometer also employs a Cu Kα radiation (λ1 = 1.5405 Å, λ2 = 
1.5418 Å) source. A typical scan short scan range was between 10 – 60° with at step 
size of 0.02° and a time per step of 1.3 seconds. All of the samples were rotated 
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during the measurements at 1 rpm to reduce effects of preferred orientation from the 
powder. The typical long range scans covered 10 – 120° with at step size of 0.02° 
and a time per step of 11 seconds. 
The samples were transferred into circularly indented aluminium sample holder and 
pressed down by a glass slide. The diffractometer is tuned to reduce the aluminium 
Bragg peaks attributed to the sample holder. 
2.4.3 High resolution powder XRD experiment  
High resolution powder XRD data was collected using a PANalytical X’Pert Pro 
MRD powder X-ray diffractometer equipped with a Johansson monochromator to 
produce monochromatic Cu Kα1 radiation (λ = 1.5406 Å). A typical scan was 
measured over an angle range of 10 – 80° and had a step size of 0.0131° and a time 
per step of 10 s. 
2.4.4 In situ heating powder XRD 
A Bruker D8 Advance powder diffractometer was used to collect in situ heating 
powder XRD under flow of air. Samples were loaded onto a ceramic sample holder 
and held within an Anton Paar XRK 900 reaction chamber. Each individual scan was 
measured over an angle range of 10 – 60° and had a step size of 0.0081° and a time 
per step of 0.45 s. The data was collected at 30 °C and ramped at 10 °C intervals to 
800 °C at a heating ramp rate of 0.2 °Cs-1. A dwell time of 300 s was inserted before 
each scan was measured in order for the temperature to stabilise.  
2.4.5 Profile refinement  
The collected XRD patterns of the materials were refined using the Le Bail method. 
This was achieved by inputting the raw data and the appropriate space group in to 
GSAS, a parameter refinement software. The software enabled for the determination 
of both the lattice parameters and for the full width half –maximum (FWHM) for 
each of the Bragg peaks in the pattern.  
2.4.6 Scherrer equation 
From the calculated FWHM, the crystallite sizes of each of the samples were 
estimated using the Scherrer equation. As the size of the crystals have a direct 





Scherrer equation:   
 







τ Crystallite size (Å) 
β Line broadening (FWHM) 
θ Bragg angle 
λ X-ray wavelength (Å) 
K Shape factor 
 
2.4.7 Williamson-Hall plot analysis 
Another method employed to aid with the estimation of the particle sizes of the 
produced materials is the Williamson-Hall plot analysis. [1-2] The method relies on 
the general principle that not only does the width of the Bragg peaks broaden due to 
the size of the crystallites but also that there is a strain component. The principle is 
that these two factors vary very differently with respect to the Bragg angle. The 
equation below enables a quick estimation of both of these parameters 
simultaneously, by plotting Bcosθ as a function of sinθ. The gradient of slope being 
the strain component (Cε) and the y-intercept as the Kλ/L expression, shown below.  
 





       𝑦  =     𝑚𝑥    +   𝑐 
 
Symbol Definition 
B Line broadening (FWHM) 
θ Bragg angle 
Cε Strain component 
K Shape factor 
λ X-ray wavelength (Å) 
L Crystallite size (Å) 
 
2.4.8 X-ray absorption near-edge structure (XANES)  
X-ray absorption near-edge structure (XANES) is an X-ray absorption technique that 
provides both structural and electronic information about the bulk of a given sample. 
XANES is an element specific technique that involves scanning a range of energies 
to measure the absorption co-efficient at each step. Quantitatively it describes the 
difference in X-ray intensity between the incident and the transmitted as shown in 
the equation below. The absorption process involves atoms absorbing the incident X-
ray beam at certain energies through the photo-electric effect. The general principle 
is that the core level electrons (such as the 1s or 2p levels) absorb the energy of the 
incident X-ray beam and subsequently eject an electron, known as a photo-electron. 
Leaving the atom in an excited state with an empty electronic level, termed a core 
hole. Any excess absorbed energy is transferred to the ejected photo-electrons, which 
propagate out of the atom. The scattering photo-electrons propagate out as a 
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spherical wave that interacts with surrounding atoms, by scattering back to the 
absorbing atom. This produces an interference pattern as the back-scattering electron 
interfere with the photo-electrons radiating from the absorbing atom. XANES 
focuses on the near-edge structure of this inference pattern, that is to say up to about 
200 eV either side of the edge position (‘white line’). The edge position refers to the 
sharp absorption increase produced as the energy of the X-ray approaches the 
binding energy of core level electrons. As the energy required to eject the photo-
electrons initially must be of greater energy for the particular element under analysis, 
which is the reason for the technique being element specific. The near-edge region is 
directly influenced by the nature of the chemical environment surrounding the 
absorbing atom. The position of the edge in particular being dependant on the 
oxidation state and molecular symmetry of the site, with the position shifting to 
higher energy with an increased oxidation state. Comparing the shifts measured to a 
set of known standard samples allows for the determination of the ratio of oxidation 
















It Transmitted X-ray intensity  
I0 Incident X-ray intensity 
μ Absorption coefficient 
t Sample thickness  
 




2.5 General characterisation techniques  
2.5.1 Thermal gravimetric analysis (TGA) 
Thermal analysis was performed to determine the mass loss of the starting reagents 
and the mixed-metal oxides as a function of temperature, providing information 
about the decomposition of the materials and the quantification of the water content. 
A Mettler Toledo TGA/DSC 1 STARe System was used to implement the analysis 
and the data was processed using the supplied STARe version 12.1 software.  
Small quantities of sample (5-10 mg) were transferred into an alumina crucible (70 
μL) and placed on the instrument for analysis. The samples were analysed under 
flow of nitrogen gas (100 cm3 min-1) using the following heating profile: 30 °C to 
1000 °C at 5 °C min-1.  
2.5.2 Scanning electron microscopy (SEM) 
A Zeiss Supra 55-VP field emission scanning electron microscope (FE-SEM) was 
used to study the topography and the morphology of the prepared materials. The 
modes of detection that were used to capture the micrographs were InLens 
(backscattered electrons) and secondary electrons. The applied accelerating voltages 
were within the range of 5-10 kV at an aperture size of around 10 μm. SmartSEM 
software was used to capture and process images.  
Energy dispersive X-ray analysis (EDXA) was used to determine approximate metal 
ratios of the samples by selectively analysing multiple areas (approx. 6) to infer 
homogeneity. Genesis Software was used to collect and quantify the data and 
process the information into EDXA spectrums.  The results in this thesis correspond 
to the average atomic percentage of the elements identified in the EDXA spectrum. 
Aluminium circular SEM stubs (12.5 mm, diameter) were covered by adhesive 
conductive carbon tape. The powdered samples were transferred on to individual 
SEM stubs. The stubs were placed within a carbon evaporator to coat the sample 
with carbon particles to reduce charging. 
2.5.3 Transmission electron microscopy (TEM) 
Transmission electron micrographs were collected by Reza J. Kashtiban, using a 
JEOL ARM200F TEM operating at 200 kV.  
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2.5.4 Raman spectroscopy  
Room temperature Raman spectra were acquired using a Renishaw inVia reflex 
Raman microscope equipped with a HeNe laser with wavelength 633 nm and 
Renishaw charged-coupled device (CCD) detector. The Raman spectra were 
recorded using the equipped x50 objective lens and acquisition times were 15 mins 
for 6 repetitions.   
2.5.5 Infra-red spectroscopy  
Infra-red spectra were recorded using a Bruker Alpha FT-IR spectrometer equipped 
with a single reflection platinum attenuated total reflection sampling module. The 
spectra were measured across 400 – 4000 cm-1 and was used to determine the 
presence of water, hydroxide or any organic components. 
2.5.6 X-ray photoelectron spectroscopy (XPS) 
XPS was performed using a Kratos AXIS Ultra DLD equipped with a 
monochromatic Al Kα source (hv = 1486.6 eV). XPS measurements were carried out 
in an ultra-high vacuum (UHV) system with a base pressure of 5 × 10-11 mbar. The 
measurements were conducted at room temperature and the photo-electrons being 
detected at a 90° with respect to the surface. The data was analysed using the 
CasaXPS package, using Shirley-type backgrounds and Voigt (mixed Gaussian-
Lorentzian) line shapes. The samples were mounted on carbon tape attached to an 
aluminium sample holder.  
2.5.7 Solid state nuclear magnetic resonance (solid state NMR)  
Solid state 27Al MAS-NMR was performed by Maria Vlachou at the University of 
Warwick.  
2.5.8 Brunauer-Emmett-Teller (BET)  
Surface area measurements were calculated from N2-adsorption isotherms, through 
which the number of N2 molecules absorbed onto the surface of the particle is 
correlated to the total surface area of the material. The BET measurements were 
collected using a Micrometrics Tristar 3000 porosimeter at Johnson Matthey 
Technology Centre. The samples (0.1 – 0.3 g) were first measured out into a bulb-
shaped glass sample tube, weighed, and dried under a stream of N2 at 150 °C for 24 
hours. After this period, the tubes were re-weighed and then attached to the 
porosimeter and known amounts of N2 was introduced at cryogenic temperatures up 
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to the saturation pressure. The porosimeter measures the pressure and the total 
adsorbed N2 is calculated. 
2.5.9 Inductively coupled plasma – optical emission spectroscopy (ICP-OES) 
The detector measures the intensity of light emitted from a flame, produced by the 
atomizer. In this case the atomizer is an ICP torch, which generates plasma. The 
plasma is generated by passing a time-varying electric current (radio frequency) 
through an induction coil.  Argon gas is used as a fuel source and as the gas flow 
through the coil this induces azimuthal electric currents, to generate plasma which is 
overall neutrally charged. However, a large proportion of the atoms are ionised by 
the high temperatures that are generated. This enables the atomiser to convert the 
components of a sample to atoms or ions by removing their outer electrons. This 
process excites a fraction of these species to a higher electronic state which 
subsequently emit light which can be measured. The wavelength of light transmitted 
is specific of the elements within the sample, quantitative analysis of the sample can 
be achieved because the intensity of the detected light is proportional to the 
abundance of the element. Assays were conducted by MEDAC Ltd, using a Varian 
Vista MPX ICP-OES system equipped with a CCD detector.  
2.5.10 Temperature-programmed reduction/oxidation (TPR/TPO) 
Temperature-programmed reduction/oxidation profiles were measured using 
apparatus stationed at JMTC. Temperature programmed reduction flows a gas 
mixture of 10% H2/N2 over a sample which is heated at a constant rate (10 °C min
-1) 
and a decline in the concentration of H2 is characteristic of the sample undergoing 
reduction. The thermal conductivity of the H2 gas was measured before and after 
passing contact with the sample, the difference in recorded conductivities (mV) 
corresponds to the amount of H2 consumed by the sample. Accurate quantification of 
the H2 consumption was achieved by injecting a known quantity (1 ml) of N2 gas 
into the H2/N2 gas stream before the execution of the experiment. The injection 
decreases the H2 concentration in the gas stream creating a calibration peak for 
comparison to the measured values during the experiment. A water trap is inserted in 
the system after the gas flows over the sample in order to absorb the H2O formed by 
H2 oxidation. Quantification of the gas consumption was performed by the 
integration of the peaks in the TPR/TPO profiles using a software program 
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developed by JMTC. Temperature-programmed oxidation profiles were measured 
under similar conditions to the TPR apart from using a 10% O2/He gas mixture.  
A quartz glass tube was sealed at one end with quartz wool and a quantity of sample 
(190-210 mg) was transferred into the centre of the tube and sealed again at the other 
end for analysis. The complete sample preparation is pictured in Figure 6. 
 
Figure 6: Sample preparation for TPR/TPO analysis. 
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3. Understanding the crystallisation mechanisms involved in 
the synthesis of cerium bismuth oxides  
3.1 Introduction  
This chapter focuses on the hydrothermal synthesis of Ce0.5Bi0.5O2-δ via the use of 
four different combinations of starting reagents. The structural characterisations of 
these oxides were undertaken to determine any differences between them from the 
use of metal salts with varying oxidation states. As established, hydrothermal 
synthesis is a closed system reaction, so the formation mechanisms involved in the 
synthesis of mixed metal oxides are still somewhat of an enigma. [1] Typically, the 
formation of mixed metal oxides via hydrothermal synthesis is a trial and error-based 
procedure, involving quenching the reactions after different applied temperatures and 
times in order to optimise reaction conditions. Trying to elucidate the growth and 
crystallisation of the target materials via this methodology may provide some 
insights, however, quenching the reactions may influence the reaction mechanisms, 
pathways or the products/intermediates obtained. Therefore, the design of novel 
reaction vessels and the configuration of time-resolved XRD experiments are 
beneficial, since they can provide a direct insight into the mechanisms involved in 
the hydrothermal reaction, in situ. Understanding this will yield the ability to 
optimise synthetic routes as well as provide for opportunity to tailor desirable 
properties. Therefore, in this study the application of in situ hydrothermal XANES 
and XRD measurements were undertaken to develop a more in depth understanding 
of how the series of cerium bismuth oxides are formed.  
3.2 Synthesis 
3.2.1 Hydrothermal synthesis of Ce0.5Bi0.5O2-δ and CeO2 standards 
Cerium nitrate hexahydrate (Ce(NO3)3 ∙ 6H2O, 2 mmol) and bismuth nitrate 
pentahydrate (Bi(NO3)3 ∙ 5H2O, 2 mmol) were ground individually using a pestle 
and mortar and weighed using an analytical balance. Both precursors were ground 
with a pestle and mortar and measured using an analytical balance and transferred 
into a Teflon autoclave liner (20 ml). Sodium hydroxide (10 M, 8 ml) was measured 
and was transferred into the Teflon liner. A magnetic stirrer was placed inside the 
liner, which was covered with a lid and placed on a stirring plate and was left to stir 
for a period of 3 hours. This was followed by sealing the Teflon liner in a steel 
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autoclave and transferring it into a pre-heated oven set at 240 °C for 96 hours. The 
mixture was filtered using a Büchner funnel and flask under vacuum pump suction. 
The solid was placed within a drying oven (70 °C) overnight and ground in a pestle 
and mortar prior to analysis. This sample is referred to in the text as Ce3+/Bi3+. 
The procedure above was repeated using the following combination of reagents: 
Reagents Abbreviation 
Cerium nitrate (Ce(NO3)3 ∙ 6H2O, 2 
mmol) and sodium bismuthate (NaBiO3, 
2 mmol) 
Ce3+/Bi5+ 
Ammonium cerium nitrate 
(Ce(NH4)2(NO3)6, 2 mmol) and bismuth 
nitrate pentahydrate (Bi(NO3)3 ∙ 5H2O, 
2 mmol) 
Ce4+/Bi3+ 
Ammonium cerium nitrate 
(Ce(NH4)2(NO3)6, 2 mmol) and sodium 
bismuthate (NaBiO3, 2 mmol) 
Ce4+/Bi5+ 
Cerium nitrate (Ce(NO3)3 ∙ 6H2O, 4 
mmol) 
CeO2 – Ce(NO3)3 
Ammonium cerium nitrate 
(Ce(NH4)2(NO3)6, 4 mmol) 
CeO2 – Ce(NH4)2(NO3)6 
Cerium chloride (CeCl3 ∙ 7H2O, 4 
mmol) 
CeO2 – CeCl3 
Cerium sulfate (Ce(SO4)2, 4 mmol) CeO2 – Ce(SO4)2 
 
3.2.2 In situ XANES measurements of the hydrothermal reactions at the Ce and 
Bi LIII-edges   
The in situ XANES measurements were measured on the XMaS beamline at the 
European synchrotron radiation facility (ESRF), Grenoble, France. Ce LIII-edge 
XANES and Bi LIII-edge XANES were measured. The beam size was 80 µm in 
diameter and the detector used was a 49 mm2 Vortex silicon drift diode at a distance 
from sample to detector equal to 183 mm.  
3.2.2.1 Ce LIII-edge method and set-up  
Cerium nitrate hexahydrate (Ce(NO3)3 ∙ 6H2O, 2 mmol) and sodium bismuthate 
(NaBiO3 ∙ 2H2O, 2 mmol) were ground individually using a pestle and mortar and 
weighed using an analytical balance. The powders were combined and were ground 
again together for a few minutes. The powder was transferred into a glass vial (20 
ml) and shaken. An aliquot of this powder was transferred into the X-ray 
hydrothermal reaction cell until it was just below the maximum capacity. Using a 
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glass pipette 6- 7 drops of sodium hydroxide solution (10 M) was transferred into the 
cell. The cell (Figure 7) was sealed between two Kapton windows and transferred 
into the furnace for analysis.  
3.2.2.2 Bi LIII-edge method and set-up  
The same synthesis method used in section 3.2.2.1 was applied, however a Teflon 
disc with a 1 mm diameter hole in the middle was used in combination with a mica 
window (25 µm). The mica windows couldn’t be used for the Ce LIII-edge as mica 
contains Ti which absorbs in the same region.  
 
Figure 7: Picture of the hydrothermal reaction cell and set-up used for the in situ XANES 
measurements. 
3.2.3 Time-resolved in situ X-ray diffraction measurements of the hydrothermal 
reactions to form Ce0.5Bi0.5O2-δ 
The time-resolved diffraction measurements were performed on beamline I12 at the 
Diamond Light Source, UK. The hydrothermal reactions were implemented using a 
Teflon lined steel autoclave coupled with a furnace named ODSIC. [2] Two 
thermocouples were attached to the outside of the steel autoclave to control and 
measure the applied temperature via a PID controller. The ODISC cell is comprised 
of infra-red lamps which are used to heat the autoclave to high temperatures quickly. 
The X-rays had an energy of 80.306 keV (λ = 0.155 Å) in order to penetrate the 
stainless-steel autoclave and the diffraction patterns were accumulated in 4 second 
acquisitions. The diffraction patterns were normalised and analysed using the 
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DAWNDiamond software. In a typical reaction, 2 mmol of each reagent were 
ground together and placed within the Teflon liner before a NaOH solution was 
added (8 ml, 10 M). 
3.3 Powder XRD analysis 
The powder XRD patterns of Ce0.5Bi0.5O2-δ and CeO2 standards can be indexed and 
profile fitted to a cubic fluorite cell (space group: Fm3̅m). For the Ce0.5Bi0.5O2-δ 
samples, the lattice expansion is consistent with the larger atomic ionic radius of Bi3+ 
compared to that of Ce4+ (eight co-ordinate Bi3+ and Ce4+ have respective ionic radii 
of 1.17 and 0.97 Å). A linear relationship between the unit cell length and 
composition in correspondence with Vegard’s law is shown in Figure 8. This figure 
shows the results from this study compared against literature values, revealing that as 
the bismuth content is increased there is a positive linear correlation with the lattice 
parameter. The produced materials lattice parameters agree with the literature values 
suggesting accurate target doping was achieved, apart from the Ce4+/Bi5+ sample 
which suggests that less bismuth substitution has occurred. The crystallite sizes for 
all samples were estimated using the Scherrer equation and the Williamson-Hall 
method (Table 2). Notably NIST-CeO2 is the one sample that has a slightly negative 
strain component (Cε) which is physically meaningless. The negative gradient 
encountered indicates that the Williamson-Hall method is not suitable for accounting 
for the combined contributions of crystallite size and strain to the powder XRD line 
broadening. [1] The comparison of the CeO2 samples synthesised from different 
starting reagents shows that the lattice parameter is similar for each material, 
however each has varying crystallite sizes. For the Ce0.5Bi0.5O2-δ samples, the 
crystallographic strain components determined from the Williamson-Hall analysis, 
increases upon the incorporation of bismuth in comparison to CeO2. This is due to 
the substitution of Ce4+ by Bi3+ which has a larger ionic radius creating lattice 
distortion and hence inducing strain effects. The Ce0.5Bi0.5O2-δ samples formed from 
the use of the Ce3+ starting reagents synthesise the products with the higher 
crystallite sizes. Conversely the Ce4+ reagents form products with lower crystallite 
sizes, and hence higher surface areas. The calculated crystallographic strain effects 
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Figure 8: A comparison figure of the lattice parameters as a function of bismuth content in Ce1-xBixO2-δ, collated 
from literature values and the results from this study. [4-7] 
Table 2: Results of Le Bail fitting to powder XRD data of Ce0.5Bi0.5O2-δ and the surface area measurements 
determined by BET. Additionally, a set of ceria samples were synthesised (an exception being NIST-CeO2, which is 
a purchased standard) and added for comparison. a Crystallite size calculated using the Scherrer equation via 
Eq.(2.4.6), and b Strain (Cε) and crystallite size (L) calculated using the Williamson-Hall analysis method via 
Eq.(2.4.7). 















Ce4+/Bi3+ 5.4711 (4) 44 (3) 0.0108 (3) 55 83 


























188 (11) 0.0019 (2) 221 37 







CeO2 – Ce(SO4)2 
5.40955 
(16) 




The conventional approach of optimising hydrothermally synthesised materials is to 
adjust the synthetic parameters. Therefore Ce0.5Bi0.5O2-δ materials were synthesised 
at various temperatures and times using hydrothermal synthesis between Ce(NO3)3 
and Bi(NO3)3 as shown in Figure 9.  
After 3 hours of stirring in NaOH at room temperature, it can be observed that there 
are no Bragg peaks associated with the starting reagents. However it can be observed 
that the Bi(NO3)3 has converted to α-Bi2O3 in solution. As the hydrothermal reaction 
is extended to higher temperature and longer reaction times, the Bragg peaks 
attributed to α-Bi2O3 progressively becomes less intense as the bismuth is 
incorporated in to the Ce1-xBixO2-δ lattice. The bismuth incorporation appears to have 
reached completion after 18 hours at 175 °C. After which it can also observed that 
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Figure 9: Ex situ powder XRD patterns of the hydrothermal reaction between Ce(NO3)3 and Bi(NO3)3 quenched at 
different reaction temperatures and times. [8-11] 
The ex situ study of the Ce4+/Bi3+ hydrothermal reaction (Figure 10) shows that after 
filtering the reaction mixture under room temperature conditions, CeO2 and α-Bi2O3 
crystallise out at reaction times of ≥ 3 hours. Longer reaction times result in the 
formation of the Ce0.5Bi0.5O2-δ phase even under room temperature conditions which 
is presumably due to the starting reagents having the same oxidation state as the 
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products. Therefore, heating the solid solutions is not a key aspect in the formation 
of this Ce0.5Bi0.5O2-δ however as mentioned it does influence other characteristics, 
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Figure 10: Ex situ powder XRD patterns of the hydrothermal reaction between Ce(NH4)2(NO3)6 and Bi(NO3)3 
quenched at different reaction temperatures and times. [8-10,12] 
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The ex situ study of the Ce3+/Bi5+ hydrothermal reaction (Figure 11) shows that 
unlike the Ce3+/Bi3+ reaction, there are Bragg peaks attributed to both of the starting 
reagents (NaBiO3 and Ce(NO3)3). The NaBiO3 however goes through the same 
intermediate phase transformation as Bi(NO3)3 before incorporation in to Ce1-xBixO2-
δ lattice. The NaBiO3 is reduced to α-Bi2O3 and this is clearly seen in the reaction 
quenched after 6 hours at 100 °C. Again, it can also be observed that the X-ray 
diffraction peaks associated with the Ce0.5Bi0.5O2-δ phase become sharper as the 
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Figure 11: Ex situ powder XRD patterns of the hydrothermal reaction between Ce(NO3)3 and NaBiO3 quenched at 
different reaction temperatures and times. [8,9,11,13] 
The ex situ study of the Ce4+/Bi5+ hydrothermal reaction (Figure 12) shows that like 
the Ce3+/Bi5+ reaction, there are Bragg peaks attributed to both of the starting 
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Figure 12: Ex situ powder XRD patterns of the hydrothermal reaction between Ce(NH4)2(NO3)6 and NaBiO3 
quenched at different reaction temperatures and times. [8,9,12,13] 
3.4 Further characterisation  
From the TGA-MS results in Figures 12-15, it is observed that the two products 
formed from the Ce4+ reagents show a greater mass loss of water and other small 
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quantities of absorbed nitrates. The presence of residual nitrates is not surprising, as 
the synthesis procedure involves the use of metal nitrates as starting materials.  
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Figure 12: TGA-MS of the Ce0.5Bi0.5O2-δ samples synthesised from the Ce3+/Bi3+ hydrothermal reaction. Performed 
under flow of Ar.
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Figure 13: TGA-MS of the Ce0.5Bi0.5O2-δ samples synthesised from the Ce4+/Bi3+ hydrothermal reaction. Performed 
under flow of Ar.
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Figure 2: TGA-MS of the Ce0.5Bi0.5O2-δ samples synthesised from the Ce4+/Bi5+ hydrothermal reaction. Performed 
under flow of Ar.
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Figure 3: TGA-MS of the Ce0.5Bi0.5O2-δ samples synthesised from the Ce3+/Bi5+ hydrothermal reaction. Performed 
under flow of Ar. 
To further characterise the final products obtained from the hydrothermal reactions, 
SEM and TEM was carried out to investigate the microstructure and morphology of 
the samples. The TEM images (Figure 16) were selected as being representative of 
each of the samples. It was found that the morphology and size of the products are 
44 
 
sensitive to their respective reaction conditions. From the TEM images it can be 
observed that all four samples are composed of aggregated and uniform nanocrystals 
with crystallite sizes of 10s of nm. The selected area electron diffraction (SAED) 
patterns (Figure 16) show varying degrees of crystallinity consistent with the powder 
XRD. Because of the high energy of the electron beam, there is a higher tendency for 
Bi segregation at domain. Energy-dispersive X-ray analysis (EDXA) was conducted 
to determine the composition of the materials. In comparison between EDXA 
measurements performed using TEM and SEM (Table 3), the SEM results show 
close agreement across all samples except the Ce3+/Bi5+ sample which on average 
appears to be more Ce-rich. The standard deviation for this sample measurement is 
also quite large suggesting inhomogeneity on the micron scale. The TEM EDXA 
results look at the elemental composition on a more local scale, however the TEM 
results suggest that both samples starting from NaBiO3, contains more Bi. Semi-
quantitative chemical analysis on the samples was performed by XRF (Table 3), 
which revealed a fairly similar nominal composition for all four Ce0.5Bi0.5O2-δ with 
the samples being slightly Bi-rich. Bulk compositional analysis was achieved on the 
samples by utilising ICP-OES (Table 3). ICP-OES elemental analysis shows the 
measured Ce:Bi ratio in the samples is very similar to the intended target ratio. There 
is an insignificant quantity of sodium present which can be assumed to be residue of 
NaOH on the surface not removed by washing with hot water. Na-substitution is not 




Figure 16: High-resolution transmission electron micrographs and corresponding selected area of diffraction 













































































































































































































































































To study the surface features of the samples and to attempt to correlate them with the 
influence of the choice of precursors used for their characterisation was 
accomplished by XPS. Figure 17 shows a typical Ce 3d3/2,5/2 spectrum for the 
Ce0.5Bi0.5O2-δ samples which consists of two multiplets (u and v). These multiplets 
correlate to the spin-orbit split 3d3/2 and 3d5/2 core holes. The spin-orbit splitting is 
approximately 18.6 eV, and each spin-orbit component is comprised of five peaks 
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(vIII-v0 and uIII-u0). The Ce3+ surface percentages (Table 4) measured are quite 
similar for all four samples, ranging in a narrow interval of values between 29.17 – 
32.83 %. The presence of Ce3+ cations in the samples can be attributed to the 
reduction of the Ce4+ in the samples due to the ultra-high vacuum in combination 
with the X-ray irradiation during XPS measurements. The effect of this therefore 
means the obtained Ce3+ percentages are higher than their realistic values.  
The Bi 4f energy region of the same samples (Figure 18) shows a representative Bi 
4f7/2,5/2 spectrum for the Ce0.5Bi0.5O2-δ samples which consists of two singlets. The 
binding energy positions for the Bi 4f7/2 (157.7 eV) and Bi 4f5/2 (164.0 eV) spin 
states have a spin-orbit splitting of about 6.3 eV. There is no observed asymmetry of 
the peaks either at the lower or higher binding energy sides, which can be assigned to 
the presence of Bi5+ or Bi metal. The calculated percentage Bi3+ contents are 
indistinguishable between each of the four samples, even for the sample prepared 
using NaBiO3 all the Bi has been reduced to Bi
3+.  
Table 5 summarises the overall XPS compositional results which are in close 
agreement with all four of the samples, approximately 60% Bi to 40% Ce. However, 
they’re above the target stoichiometric chemical composition, suggesting that there 
is a greater percentage of bismuth situated on the surface of the samples.  


















































Figure 17: Al Kα excited Ce 3d3/2,5/2 XPS spectrum collected for a typical Ce0.5Bi0.5O2-δ sample. 
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Figure 4: Al Kα excited Bi 4f7/2,5/2 XPS spectrum collected for a typical Ce0.5Bi0.5O2-δ sample. 
Table 4: Cerium and bismuth oxidation state data from surface analysis by XPS calculated from the Ce 3d3/2,5/2 
and Bi 4f7/2,5/2 respectively. 
Sample Percentage Ce (III) (%) Percentage Bi (III) (%) 
NIST - CeO2 31.7 N/A 
CeAlO3 67.7 N/A 
CeO2 - Ce(NO3)3 29.4 N/A 
CeO2 - Ce(NH4)2(NO3)6 32.1 N/A 
CeO2 - Ce(SO4)2 31.1 N/A 
CeO2 - CeCl3 32.8 N/A 
Ce3+/Bi3+ 30.2 49.0 
Ce4+/Bi3+ 30.0 49.0 
Ce4+/Bi5+ 30.2 49.0 
Ce3+/Bi5+ 29.2 49.0 
 
Table 5: Surface composition data from surface analysis by XPS of the four Ce0.5Bi0.5O2-δ samples. 
Sample Bi (%) Ce (%) 
Ce3+/Bi3+ 60.8 39.2 
Ce4+/Bi3+ 58.8 41.2 
Ce4+/Bi5+ 57.8 42.2 





3.5 In-situ hydrothermal X-ray absorption spectroscopy (XAS) 
3.5.1 Ce LIII-edge XANES of the final products 
Ce LIII-edge XANES of Ce0.5Bi0.5O2-δ (Figure 19) shows the near edge regions for 
each reaction overlapping, suggesting each sample contains an equal ratio of 
Ce3+/Ce4+. The edge positions of all four cases remains close to the observed position 
of NIST-CeO2 spectra indicating that near complete conversion to Ce
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Figure 19: Normalised Ce LIII-edge XANES spectra of Ce0.5Bi0.5O2-δ prepared using the four different sets of 
reagents, compared against reference compounds with known Ce oxidation states (Ce(NO3)3 and NIST-CeO2). 
3.5.2 In situ Ce LIII-edge XANES of the hydrothermal reaction 
XANES data recorded in situ during room temperature and hydrothermal synthesis 
(Figure 20) were successful in monitoring the change in oxidation state (Ce3+ → 
Ce4+ ) between the starting reagent and the final product, as shown by the formation 
of the characteristic peak for Ce4+ at ~5738 eV which is due to the 2p3/2 → (4f
0)5d 
transition. The slight shoulder at ~5730 eV suggests that there might be some 
residual Ce in the +3 oxidation state, which is generally the case for small particles 
of CeO2. 
[1] Even at room temperature in the absence of NaBiO3 the Ce
3+ is oxidised, 















































Figure 5: Normalised In-situ XANES spectra of Ce(NO3)3 control reaction measured at room temperature 
repeatedly (Scan No.) in sodium hydroxide (10 M). 
Comparison of the two in situ room temperature and hydrothermal reactions (Figure 
21) shows that addition of bismuth into the reaction may have induced some redox 
potential, promoting the oxidation of cerium. The application of a higher temperature 
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Figure 21: A plot of time as a function of oxidation state, extracted from a linear fit of the Ce reference 
compounds, to estimate the observed oxidation state changes during the measured reactions. 
3.5.3 Bi LIII-edge XANES of the final products 
Since Bi5+ starting reagents were used in the synthesis of the materials it was 
important to the oxidation state of bismuth in the final products. Bi LIII-edge XANES 
of the four Ce0.5Bi0.5O2-δ samples (Figure 22) show the near edge regions for each 
reaction overlapping, suggesting each sample contains an equal Bi3+/Bi5+ ratio. The 
edge positions of all four cases remains close to the observed position of the α-Bi2O3 






























Figure 22: Normalised Bi LIII-edge XANES spectra of Ce0.5Bi0.5O2-δ prepared using the four different sets of 
reagents, compared against reference compounds with known Bi oxidation states (Bi2O3 and NaBiO3). 
3.5.4 In situ Bi LIII-edge XANES of the hydrothermal reaction 
Bi LIII-edge XANES data recorded in situ, during the hydrothermal reaction of 
Ce3+/Bi5+ at 170 °C (Figure 23) were partially able to monitor the reduction of Bi5+ 
to Bi3+ between the starting reagent and the final products. The first being the pre-
edge feature in NaBiO3 (Bi
5+) which is assigned to the 2p3/2 → 6s transition, as the 
reaction advances the peak becomes progressively less prominent as the 6s orbital is 
filled in Bi3+. The second being the shift in white line position to lower energy.  
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Figure 6: Normalised In situ Bi LIII-edge XANES spectra of the hydrothermal reaction between Ce(NO3)3 and 
NaBiO3, measured at 170 °C in sodium hydroxide (10 M). 
Bi LIII-edge XANES of the in situ reaction (Figure 24) between Ce(NO3)3 and 
NaBiO3 at 170 °C, shows that conversion from Bi
5+ to Bi3+ isn’t observed after 11 
hours of reaction. The conversion has only reached approximately half Bi5+ 
reduction, compared to the ex-situ samples measured previously (Figure 22). 
Comparing these results with the in-situ data at the Ce LIII-edge shows that the 
cerium has been oxidised prior to the bismuth this is not unexpected since Ce3+ is 
oxidised just in air.  
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Figure 7: A plot of time as a function of oxidation state, extracted from a linear fit of the Bi reference 
compounds, to estimate the observed oxidation state changes during the measured reaction. 
3.6 Two-step crystallisation model  
The results of the in situ XANES measurement led to the proposal of a two-step 
model which involves the formation of CeO2 before the incorporation of bismuth 
into the structure. Therefore, test reactions were performed to identify if bismuth 
could be incorporated after the formation of CeO2, has already occurred. Two sets of 
reactions were performed the first entailed stirring the Ce(NO3)3 in NaOH at room 
temperature before the addition of NaBiO3, and comparing this with Ce(NO3)3 and 
adding the two reagents simultaneously (Figure 25). The second set is repeating 
these reactions and transferring them into an autoclave for a hydrothermal reaction at 
170 °C (Figure 26). Figure 25 shows that poorly crystalline CeO2 does form at room 
temperature, before the addition of NaBiO3. The calculated lattice parameters for 
addition of NaBiO3 after forming CeO2 shows no differentiation from the 
Ce0.5Bi0.5O2-δ sample synthesised from the simultaneous addition of the two reagents 
(Table 6). Hydrothermally synthesising CeO2 before the addition of NaBiO3 creates 
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Figure 8: Powder XRD patterns of the room temperature reaction of a) Ce(NO3)3 in NaOH (10 M), b) Ce(NO3)3 
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Figure 9: Powder XRD patterns of the hydrothermal reactions (at 170 °C, 24h) of a) Ce(NO3)3 in NaOH (10 M), b) 
Ce(NO3)3 and NaBiO3 in NaOH (10 M) and c) Stirring the Ce(NO3)3 in NaOH (10 M) for 4 hours prior to the 
addition of NaBiO3.  
Table 6: Calculated lattice parameters from the Le Bail fitting to powder XRD data shown in Figure 26.  
Samples a (Å) 
CeO2 5.41435 (2) 
Ce(NO3)3 + NaBiO3 5.4710 (17) 
Ce(NO3)3 stirred 4 h +  NaBiO3 5.47099 (17) 
 
3.7 In situ X-ray diffraction of the hydrothermal reaction 
The in situ X-ray diffraction measurements were conducted using an Oxford-
Diamond in situ cell (ODISC), the setup involves the use of a PTFE-lined steel 
autoclave as with laboratory based experiments. The main difference, between the 
two is that typically the stirring of the reaction reagents in solution occurs prior to 
the heating of the autoclave, whereas here it was applied simultaneously to keep the 
solid in the beam. The experimental peak profiles observed during these 
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hydrothermal reactions are a convolution of both instrumental and sample profile 
components. The former relating to scatter from the cell walls, optics and so forth of 
the instrumentation and the latter originating from microstructural effects of the 
materials under investigation. A key consideration in any structural analysis based on 
an XRD peak profile is to determine and de-convolute the contributions attributed to 
each of these two components. As shown in Figure 27 the diffraction pattern of the 
final product re-suspended in NaOH is dominated by the Bragg reflections which 
arise from the stainless steel autoclave, PTFE liner and the Kapton windows of the 





























Figure 10: Comparison of Ce0.5Bi0.5O2-δ (made from Ce3+/Bi3+) sample placed in a capillary and the same sample 
suspended in NaOH within the stainless-steel autoclave. Both measurements were recorded with the samples 
contained within the ODISC cell. [8]    
Incorporation of Bi3+ cations into the fluorite structure and the growth of 
Ce0.5Bi0.5O2-δ were studied using in situ powder X-ray diffraction. The in situ 
experiments revealed that the fluorite structure is formed as Ce1-xBixO2-δ (x ≥ 0.5) in 
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the early stages of the reaction. The Ce3+/Bi3+ reaction (Figure 28) corroborates the 
results obtained from the ex situ syntheses, with the formation of α-Bi2O3 before 
incorporation into the fluorite structure. The Bragg peaks attributed to Ce(NO3)3 also 
dissipate swiftly, prior to α-Bi2O3. The in situ diffraction measurements give an 
insight into the crystallite growth but not the initial stages of the reaction, as it takes 
some time for solution to reach the optimal temperature for the material to be within 
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Diffraction angle / 2q
 Bi2O3
 Bi(NO3)3
 Ce(NO3)3  
Figure 11: In situ Bragg reflections collected during the hydrothermal synthesis of Ce0.5Bi0.5O2-δ for the reaction 
between Ce(NO3)3 and Bi(NO3)3 for different times at 200 °C. The results are compared against reference 
literature spectra for the starting reagents, intermediate phases and products. [8-11,14] 
The evolution of lattice parameter as a function of time was determined by the 
sequential profile refinements of the diffraction patterns. The refined cubic unit cell 
length, a, of the (1,1,1) peak as a function of reaction time begins at a = 5.482 Å 
which gradually increases for the next 15 minutes, before a sudden significant unit 
cell expansion to 5.526 Å, and a decline to 5.508 Å. The fractional progress of α-
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Bi2O3 and Ce0.5Bi0.5O2-δ as a function of time for the Ce
3+/Bi3+ reaction shows an 
increasing fraction of the cerium bismuth oxide with a corresponding simultaneous 
decrease in the bismuth oxide fraction as the reaction time progresses. Contrary to 
the ex situ powder XRD patterns the Bragg peaks attributed to α-Bi2O3 are no longer 
visible after the reaction time exceeds approximately 30 minutes. The evolution of 
Scherrer crystallites sizes, calculated from the refined peak profiles are shown in 
Figure 29. The evolution of crystallite size has an inverse trend to the lattice 
parameter, starting from 170 Å, decreasing in size and finally becoming larger again 
to 158 Å. 
























































































Figure 129: Results of the profile refinements for the in situ diffraction data of the Ce3+/Bi3+ hydrothermal 
reaction. The lattice parameter was calculated from the (1,1,1) peak of Ce1-xBixO2-δ. The crystallite size was 
estimated from the same peak using the Scherrer equation. 
Contrary to the in situ Ce3+/Bi3+ diffraction data the Bragg reflections attributed to 
Ce(NO3)3 are present within the patterns for the Ce
4+/Bi5+ reaction (Figure 30). 
Again, this agrees with the diffraction patterns of the quenched reactions for the 
same reagents. The Bragg peaks associated with the presence of NaBiO3, 
subsequently disappear after Ce(NO3)3 at approximately 1400 s. Additionally, 
because of the insufficient resolution and due to the background intensity the initial 
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Figure 30: In situ Bragg reflections collected during the hydrothermal synthesis of Ce0.5Bi0.5O2-δ for the reaction 
between Ce(NH4)2(NO3)6 and NaBiO3 for different times at 200 °C. The results are compared against reference 
literature spectra for the starting reagents, intermediate phases and products. [8,12-14] 
The in situ diffraction data for the Ce3+/Bi5+ hydrothermal reaction (Figure 31) as for 
the Ce4+/Bi5+ reaction, contains peaks associated with both of the starting reagents. 
Showing little differentiation between the results observed in the ex situ powder 
patterns of the equivalent reaction. The Bragg peaks attributed to the presence of 
NaBiO3, subsequently disappear after Ce(NO3)3 at approximately 1800 s. 
Furthermore, because of the insufficient resolution the observation of α-Bi2O3 isn’t 
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Figure 13: In situ Bragg reflections collected during the hydrothermal synthesis of Ce0.5Bi0.5O2-δ for the reaction 
between Ce(NO3)3 and NaBiO3 for different times at 200 °C. The results are compared against reference 
literature spectra for the starting reagents, intermediate phases and products. [8,11,13,14] 
3.8 Conclusions  
Overall the formation processes involved in the parameter sensitive hydrothermal 
reaction may lead to control controlled through the combination of comprehensive in 
situ and ex situ studies. The choice of starting reagents has implications on the 
reaction time to form and affects the crystallite size of the final products. The 
Ce0.5Bi0.5O2-δ samples with the lower crystallite size and larger surface areas being 
formed from the use of Ce4+ starting reagents. Good agreement is observed when 
comparing trends from the ex situ studies with time-resolved in situ X-ray diffraction 
experiments. The reaction pathways leading to the formation of Ce0.5Bi0.5O2-δ start by 
the dissolution of the Ce reagent, and the transformation/reduction of the Bi reagent 
to α-Bi2O3, before the incorporation into the fluorite structure. The initial stages of 
the reaction however are still unclear, there is evidence to suggest the CeO2 forms 
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prior to the incorporation of bismuth according to the in situ XANES experiments 
but the results aren’t definitive.  
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4. Solvothermal synthesis of lanthanide-substituted Ce(OH)2Cl 
and Ce(OH)CO3 and their thermal decomposition to mixed-
metal oxides 
4.1 Introduction  
Recently over the last few decades, considerable attention has focused on the 
synthesis of CeO2 nanomaterials with specific dimensions and morphologies, in view 
of enhancing their activity and the properties of the materials for several potential 
applications. Whilst there have been reports of the thermal decomposition of 
CeCO3OH to form CeO2 materials with unusual morphologies, (see Chapter 1) the 
incorporation of lanthanides into the Ce(OH)CO3 structure hasn’t been studied 
extensively. The substitution of lanthanides into or as-prepared Ce(OH)2Cl has not 
been previously reported. Therefore this chapter has focused on the solvothermal 
synthesis of trivalent lanthanide substituted cerium complexes in the form of Ce1-
xLnx(OH)2Cl and Ce1-xLnx(OH)CO3 (Ln = La, Gd, Pr and Tb), the assumption being 
that the 4f elements commonly exhibit the trivalent oxidation state and are known to 
form highly coordinated compounds as in the structures mentioned. The intent was 
to produce Ce1-xLnxO2-δ mixed oxides with unusual morphologies and perhaps 
increased homogeneity as prior to decomposition both lanthanides are in the 3+ 
oxidation state. Starting from the 3+ oxidation state for Pr and Tb as well may lead 
to the control over the oxidation state of the lanthanide by adjusting the calcination 
temperature. The structural characterisation of these materials and the Ce1-xLnxO2-δ 
samples formed by their subsequent thermal decomposition are explored. H2-TPR is 
a straightforward and widely employed technique to extract information to assess the 
reducibility of oxide materials and was used to evaluate the synthesised lanthanide 
substituted ceria’s. 
4.2 Synthesis 
4.2.1 Solvothermal synthesis of Ce1-xLnx(OH)2Cl 
CeCl3 ∙ 7H2O (Sigma-Aldrich, 99.9% purity), LaCl3 ∙ 7H2O (Alfa Aesar, 99.9% 
purity), PrCl3 ∙ 7H2O (Alfa Aesar, 99.9% purity), GdCl3 ∙ 7H2O (Alfa Aesar, 99.9% 
purity) and TbCl3 ∙ 7H2O (Alfa Aesar, 99.999% purity) powders were used as 
precursor materials. These powders were mixed in a stoichiometric ratio to obtain 
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Ce1-xLnx(OH)2Cl, varying x from 0 to 1. The level of hydration of the metal salts was 
determined using thermo-gravimetric analysis. 
Samples of Ce1-xLnx(OH)2Cl were prepared by solvothermal synthesis from metal 
salts using Teflon-lined, stainless-steel autoclaves (20 mL). In a typical synthesis, 
CeCl3 and LnCl3 (Ln = La, Pr, Gd and Tb, hydrated as noted above) with desired 
stoichiometric ratio (2 mmol total) were stirred in 8 mL of polyethylene glycol 
(Mn400) for 1 h. The reaction mixtures were sealed in autoclaves and then placed in a 
preheated fan oven at 240 °C for 24 h, before cooling to room temperature. After the 
reaction, a dark brown precipitate was obtained which was recovered by suction 
filtration. All the solid products were washed with deionised water and dried at 70 
°C overnight before further characterisation. 
4.2.2 Solvothermal synthesis of Ce1-xLnx(OH)CO3 
Ce(NO3)3 ∙ 6H2O (99.5% Alfa Aesar), La(NO3)3 ∙ 6H2O (99.99% Alfa Aesar), 
Pr(NO3)3 ∙ 6H2O (99.9% STREM CHEMICALS Inc), Gd(NO3)3 ∙ 6H2O (99.99% 
Alfa Aesar) and Tb(NO3)3 ∙ 6H2O (99.9% STREM CHEMICALS Inc) powders were 
used as precursor materials. These powders were mixed in a stoichiometric ratio to 
obtain Ce1-xLnx(OH)CO3, varying x from 0 to 0.5. The level of hydration of the 
metal salts was determined using thermo-gravimetric analysis. 
In a typical synthesis, Ce(NO3)3 and Ln(NO3)3 (Ln = La, Pr, Gd and Tb) with desired 
stoichiometric ratio (2 mmol total) were stirred in 8 mL of polyethylene glycol 
(Mn200) for 1 h. The reaction mixtures were sealed in autoclaves and then placed in a 
preheated fan oven at 240 °C for 24 h, before cooling to room temperature. After the 
reaction, a light brown precipitate was obtained which was recovered by suction 
filtration. All the solid products were washed with deionised water and dried at 70 
°C overnight before further characterisation. 
The use of a different molecular weight polyethylene glycol in this reaction is to 
avoid the formation of a cerium oxalate formate impurity obtained using a higher 
molecular weight polyethylene glycol. 
4.2.3 Thermal Treatment of Ce1-xLnx(OH)2Cl and Ce1-xLnx(OH)CO3 
Mixed oxides were obtained by heating the Ce1-xLnx(OH)2Cl and Ce1-xLnx(OH)CO3 
samples in air using a muffle furnace at 10 °C min-1 from room temperature to 700 
°C and held at this temperature for 5 h, before cooling.  
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4.2.4 XANES measurements  
The Pr and Tb LIII-edge X-ray absorption data were collected on Beamline B18 at 
Diamond Light Source, UK. The samples were diluted with polyethylene powder 
and pressed into a 13 mm diameter pellets, approximately 1 mm thick. The 
absorption data were collected in transmission mode and the spectra were normalised 
using the ATHENA software package.  
The Tb4O7 and Pr6O11 reference materials were supplied by Johnson Matthey 
Technology Centre, UK.  
4.3 Ce(OH)2Cl and Ce(OH)CO3 
4.3.1 Powder XRD 
Ce(OH)2Cl has been prepared by solvothermal synthesis starting with CeCl3 ∙ 7H2O 
as the Ce reagent. Ce(OH)2Cl is a new material not characterised before, but the X-
ray pattern is similar to La(OH)2Cl so it can be used as a model for refining its 
crystal structure. The powder XRD pattern of Ce(OH)2Cl (Figure 32) can be indexed 
and the profile fitted to a monoclinic cell (space group: P112/m). However, the 
pattern of the sample made using Ce(NO3)3 as the starting reagent can be indexed to 
a hexagonal cell (space group: P-62C).  This matches the unit cells of Ce(OH)CO3 
and Ce(CO3)F and the same results is observed when Ce(NH4)2(NO3)6 is used as a 
precursor. A satisfactory profile fit of this pattern could not be achieved due to the 
presence of anisotropic peak broadening, which suggests very anisotropic crystals so 






































Figure 14: XRD patterns of Ce(OH)2Cl and CeCO3OH, which are compared against reference data obtained from 
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Figure 15: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Tb(OH)2Cl, Pr(OH)2Cl and Gd(OH)2Cl. 
The powder XRD patterns of CeO2 prepared by the thermal decomposition of 
Ce(OH)2Cl and Ce(OH)CO3 can both be indexed and the profile fitted using the 
space group Fm3̅m with almost identical lattice parameters (Figure 34). The 
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crystallite size and lattice strain of the ceria powders also show little differentiation 
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Figure 16: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce(OH)2Cl and Ce(OH)CO3 after thermal 
decomposition to CeO2. 
Table 7: Results of Le Bail fitting to powder XRD data of Ce(OH)2Cl and Ce(OH)CO3. 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
CeO2 - Ce(OH)CO3 5.4091 (2) 111 (23) 0.0115 (2) 225 (1) 
CeO2 - Ce(OH)2Cl 5.4104 (2) 113 (23) 0.0110 (3) 223 (1) 
 
4.3.2 Further characterisation 
TGA of Ce(OH)2Cl and Ce(OH)CO3 (Figure 35) under an air atmosphere both show 
a very sharp endothermic peak, centred at around 350 °C and 250 °C respectively. 
Any mass loss prior to the main mass loss can be attributed to the loss of absorbed 
water on the surface of the oxides or any remaining polyethylene glycol. After this 
the rate of mass loss decreases more slowly. At 1000 °C Ce(OH)2Cl and Ce(OH)CO3 
are 78.5% and 73.2% of their original mass, respectively. This difference can be 
explained by the simultaneous dehydroxylation and corresponding decarbonation or 
loss of chlorine for each sample, initiated by the oxidation of Ce3+. This occurs in a 
single step decomposition as both products are oxidised into CeO2, as confirmed by 
in situ powder XRD up to 800 °C. 
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Figure 17: Thermogravimetric analysis of Ce(OH)2Cl and Ce(OH)CO3. 
The electron micrographs of the as-prepared CeCO3OH product (Figure 36(b)) is 
composed of a cluster of interwoven nanoplates compacted into oval-shaped spheres. 
The Ce(OH)2Cl has a similar morphology in overall shape but instead of plates it’s a 
clusters of interwoven nanorod-shaped polyhedra (Figure 36(a)). The SEM images 
(Figure 36(c-d)) of the materials obtained after subsequent calcination at 700 °C of 
both CeCO3OH and Ce(OH)2Cl show that their structural morphologies are retained 





Figure 18: SEM micrographs of a) Ce(OH)2Cl, b) Ce(OH)CO3. The right-hand panels (c-d) correspond to the left-
hand samples after thermal decomposition to CeO2-δ.  
4.4 Lanthanum substituted ceria precursors  
4.4.1 Powder XRD 
As with the unsubstituted Ce(OH)2Cl the powder XRD patterns of Ce1-xLax(OH)2Cl 
can be indexed and the profile fitted to a monoclinic cell (space group: P112/m) 
within the range 0.1 ≤ x ≤ 0.2 (Figure 37). Increasing the lanthanum content to x = 
0.3 or above leads to phase segregation as when LaCl3 is used solely in the 
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Figure 19: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xLax(OH)2Cl (0.1 ≤ x ≤ 0.2). (* contamination on 
XRD slit). 
Table 8: Results of Le Bail fitting to powder XRD data of Ce1-xLax(OH)2Cl (0.1 ≤ x ≤ 0.2). 
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Figure 208: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xLaxO2-δ (0.1 ≤ x ≤ 0.2) after thermal 
decomposition of Ce1-xLax(OH)2Cl. 
Table 9: Results of Le Bail fitting to powder XRD data of Ce1-xLaxO2-δ (0.1 ≤ x ≤ 0.2). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9La0.1O2-δ 5.4371 (3) 78 (13) 0.01418 (6) 139 (1) 
Ce0.8La0.2O2-δ 5.4664 (4) 68 (12) 0.015 (1) 113 (6) 
 
Powder XRD patterns of Ce1-xLaxO2-δ prepared by thermal decomposition of Ce1-
xLax(OH)CO3 (Figure 39) as with CeO2 can be indexed and the profile fitted to a 
cubic fluorite cell (space group Fm3̅m) within the range 0.1 ≤ x ≤ 0.5. In contrast to 
the lanthanum substituted Ce(OH)2Cl, the Ce(OH)CO3 structure is able to 
accommodate a higher degree of substitution up to an x value of 0.5. As x increases 
the Bragg peaks become broader (Figure 40) and the lattice parameter decreases 
linearly (Figure 41) The broadening of the Bragg peaks is likely to be caused by a 
reduced particle size, though crystallographic strain effects can also cause peak 
broadening (Table 10). As demonstrated by the increase in Williamson-Hall Cε 
values as more lanthanum is incorporated into the structure. The lattice expansion is 
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consistent with the larger atomic radius of La3+ compared to that of Ce4+ (La3+ and 
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Figure 40: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xLaxO2-δ (0.1 ≤ x ≤ 0.5) after thermal 
decomposition of Ce1-xLax(OH)CO3. 
Table 10: Results of Le Bail fitting to powder XRD data of Ce1-xLaxO2-δ (0.1 ≤ x ≤ 0.2). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9La0.1O2-δ 5.4322 (2) 90 (20) 0.0146 (3) 190 (6) 
Ce0.8La0.2O2-δ 5.4650 (3) 80 (19) 0.0183 (6) 184 (9) 
Ce0.7La0.3O2-δ 5.5056 (3) 67 (23) 0.0326 (7) 348 (4) 
Ce0.6La0.4O2-δ 5.5266 (4) 56 (23) 0.0326 (17) 248 (4) 


































































Figure 41: Lattice parameter, crystallite size, strain and L of Ce1-xLaxO2-δ after thermal decomposition of Ce1-
xLax(OH)2Cl as a function of lanthanum substitution (0 ≤ x ≤ 0.5). 
4.4.2 Further characterisation  

























Figure 42: Thermogravimetric analysis of Ce1-xLax(OH)2Cl (0.1 ≤ x ≤ 0.2). 
In the low-magnification SEM image in Figure 43(a) the morphology of 
Ce0.9La0.1(OH)2Cl can be seen clearly. The addition of lanthanum alters the 
morphology slightly in comparison with the unsubstituted Ce(OH)2Cl. The elongated 
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polyhedra as previously seen have contracted and appear more like blocks. However, 
as with the unsubstituted Ce(OH)2Cl the calcination of the materials does not appear 
to change the observed morphology. The elemental compositions of the Ce1-
xLax(OH)2Cl samples were determined by EDXA analysis as shown in Table 11. The 
elemental compositions of the products match the desired target stoichiometric ratio.  
The addition of lanthanum to Ce(OH)CO3 does not appear to alter the morphology in 
comparison to the unsubstituted cerium bis-hydroxy chloride. As with the Ce1-
xLax(OH)2Cl samples calcined at 700 °C, the temperature does not transform the 
morphology of the particles drastically. Some pores are formed and the separation 
between some of the nanoplates expands in a minimal number of particles as shown 
in Figure 44(f). At 1000 °C, a larger quantity of particles were observed to have 
similar modified characteristics.  
 
 
Figure 22: SEM micrographs of a) Ce0.9La0.1(OH)2Cl, b) Ce0.8La0.2(OH)2Cl. The right-hand panels (c-d) correspond 
to the left-hand samples after thermal decomposition to Ce1-xLaxO2-δ. 





Ce0.9La0.1(OH)2Cl 90 10 0.4 





Figure 23: SEM micrographs of a) Ce0.9La0.1(OH)CO3, b) Ce0.8La0.2(OH)CO3, c) Ce0.7La0.3(OH)CO3, d) 
Ce0.6La0.4(OH)CO3, e) Ce0.5La0.5(OH)CO3. The right-hand panels (f-j) correspond to left-hand samples after thermal 
decomposition to Ce1-xLaxO2-δ. 
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Ce0.9La0.1(OH)CO3 91.0 9.0 1.5 
Ce0.8La0.2(OH)CO3 80.5 19.5 0.6 
Ce0.7La0.3(OH)CO3 69.7 30.3 0.9 
Ce0.6La0.4(OH)CO3 60.3 39.7 0.5 
Ce0.5La0.5(OH)CO3 48.9 51.1 1.3 
 
4.5 Gadolinium substituted ceria precursors  
4.5.1 Powder XRD 
In contrast to Ce1-xLax(OH)2Cl, Ce(OH)2Cl has the capability to incorporate a greater 
quantity of gadolinium into the monoclinic structure. Purely using GdCl3 in the 
solvothermal reaction yields Gd(OH)2Cl (Figure 33) which provides an explanation 
for Ce(OH)2Cl having the capability to incorporate the increased lanthanide content. 
The calculated lattice parameters (a, b and c) for the Ce1-xGdx(OH)2Cl samples all 
decrease linearly as x increases (Figure 46). Consistent with the contraction of the 
unit cell volume, as expected from the atomic radius of Gd3+ (0.938 Å) being smaller 
than that of Ce3+ (1.01 Å). Conversely when Ce1-xGdx(OH)2Cl decomposes into Ce1-
xGdxO2-δ the cell volume expands as the eight co-ordinate ionic radius of Ce
4+ (0.97 
Å) is smaller than Gd3+ (1.053 Å). 
Contradictory to the Ce1-xLax(OH)CO3, Ce1-xGdx(OH)CO3 is only capable of 
gadolinium substitution up to a value of x = 0.2. The powder XRD patterns of the 
products with substitution degrees above this are amorphous, unsurprisingly as using 
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Figure 24: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xGdx(OH)2Cl (0.1 ≤ x ≤ 0.5). 
Table 2: Results of Le Bail fitting to powder XRD data of Ce1-xGdx(OH)2Cl (0.1 ≤ x ≤ 1). 




































































































Figure 25: Lattice parameters extracted from the Le Bail fitting of the powder XRD data of Ce1-xGdx(OH)2Cl as a 
function of gadolinium substitution (0 ≤ x ≤ 1). 
In situ powder XRD (Figure 47) shows that upon heating to 350 °C in air, the 
monoclinic Gd(OH)2Cl transforms into tetragonal GdOCl with the PbFCl-type 
structure. Further heating causes the Bragg peaks attributed to GdOCl to begin to 




Figure 26: Contour plot of in situ powder XRD patterns of Gd(OH)2Cl heated from room temperature to 800 °C, 
compared against reference patterns of present phases shown above. [2-4] 
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Figure 27: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xGdxO2-δ (0.1 ≤ x ≤ 0.5) after thermal 
decomposition of Ce1-xGdx(OH)2Cl. 
Table 3: Results of Le Bail fitting to powder XRD data of Ce1-xGdxO2-δ (0.1 ≤ x ≤ 0.5). 
Sample a (Å) 
a Crystallite size 
(Å) 
bCε bL (Å) 
Ce0.9Gd0.1O2-δ 5.41807 (18) 97 (17) 0.0113 (3) 174 (3) 
Ce0.8Gd0.2O2-δ 5.4246 (3) 92 (23) 0.0113 (3) 232 (6) 
Ce0.7Gd0.3O2-δ 5.4296 (2) 91 (30) 0.0167 (2) 373 (13) 
Ce0.6Gd0.4O2-δ 5.4360 (3) 84 (33) 0.0218 (2) 679 (28) 


























































Figure 28: Lattice parameter, crystallite size, strain and L of Ce1-xGdxO2-δ after thermal decomposition of Ce1-
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Figure 51: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xGdxO2-δ (0.1 ≤ x ≤ 0.2) after thermal 
decomposition of Ce1-xGdx(OH)CO3. 
Table 4: Results of Le Bail fitting to powder XRD data of Ce1-xGdxO2-δ (0.1 ≤ x ≤ 0.2). 
Sample a (Å) 
a Crystallite size 
(Å) 
bCε bL (Å) 
Ce0.9Gd0.1O2-δ 5.41837 (14) 130 (25) 0.0096 (5) 237 (3) 
Ce0.8Gd0.2O2-δ 5.42415 (13) 178 (28) 0.0054 (3) 291 (11) 
 
4.5.2 Further Characterisation  
The TGA results obtained for the Ce1-xGdx(OH)2Cl samples show that the 
decomposition temperature is not significantly affected by the gadolinium content 
(Figure 52).  
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Figure 52: Thermogravimetric analysis of Ce1-xGdx(OH)2Cl (0.1 ≤ x ≤ 0.5). 


























Figure 53: Thermogravimetric analysis of Ce1-xGdx(OH)CO3 (0.1 ≤ x ≤ 0.2). 
The microstructures of the solvothermally prepared Ce1-xGdx(OH)2Cl powders are 
shown in Figure 54. This figure reveals that the morphology of the obtained Ce1-
xGdx(OH)2Cl particles is not significantly influenced by the gadolinium content. 
Contrary to the minute changes the applied temperature impacts upon the 
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morphology of the carbonate hydroxides as previously described, the bis-hydroxy 




Figure 54: SEM micrographs of a) Ce0.9Gd0.1(OH)2Cl, b) Ce0.8Gd0.2(OH)2Cl, c) Ce0.7Gd0.3(OH)2Cl, d) 
Ce0.6Gd0.4(OH)2Cl, e) Ce0.5Gd0.5(OH)2Cl. The right-hand panels (f-j) correspond to left-hand samples after thermal 
decomposition to Ce1-xGdxO2-δ. 
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Ce0.9Gd0.1(OH)2Cl 89.9 10.1 1.2 
Ce0.8Gd0.2(OH)2Cl 78.7 21.3 3.4 
Ce0.7Gd0.3(OH)2Cl 73.6 26.4 2.8 
Ce0.6Gd0.4(OH)2Cl 59.6 40.4 3.2 
Ce0.5Gd0.5(OH)2Cl 53.7 46.3 1.9 
 
 
Figure 55: SEM micrographs of a) Ce0.9Gd0.1(OH)CO3, b) Ce0.8Gd0.2(OH)CO3. The right-hand panels (c-d) 
correspond to left-hand samples after thermal decomposition to Ce1-xGdxO2-δ. 





Ce0.9Gd0.1(OH)CO3 86.5 13.5 4.6 
Ce0.8Gd0.2(OH)CO3 78.7 21.3 1.7 
 
4.6 Praseodymium substituted ceria  
4.6.1 Powder XRD 
Powder XRD patterns of Ce1-xPrx(OH)2Cl can be indexed and the profile fitted to a 
monoclinic cell (space group: P112/m) within the range 0.1 ≤ x ≤ 0.5 (Figure 56). 
Analysis of the refined lattice parameters (a, b, c and β) and cell volume as a 
function of Pr substitution (Figure 57), shows a moderately linear trend due to the 
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Figure 29: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xPrx(OH)2Cl (0.1 ≤ x ≤ 0.5). 
Table 6: Results of Le Bail fitting to powder XRD data of Ce1-xPrx(OH)2Cl (0.1 ≤ x ≤ 1). 
Sample a (Å) b (Å) c (Å) β (Å) 
Volume 
(Å3) 


















































































































Figure 30: Geometric parameters extracted from the Le Bail fitting of the powder XRD data of Ce1-xPrx(OH)2Cl as 
a function of praseodymium substitution (0 ≤ x ≤ 1). 
In situ heating powder XRD in air up to 800 °C of the Pr(OH)2Cl sample again has 
the same transition as Gd(OH)2Cl to the oxychloride at 350 °C (Figure 58). Further 
heating causes the diffraction peaks of PrO2 to emerge at 720 °C. The Bragg peaks 
are shifted to lower angle in comparison with the reference pattern as the 
praseodymium hasn’t been fully converted to the 4+ oxidation state, as well as being 




Figure 31: Contour plot of in situ powder XRD patterns of Pr(OH)2Cl heated from room temperature to 800 °C, 
compared against reference patterns of present phases shown above. [4-6] 
Powder XRD patterns of Ce1-xPrxO2-δ prepared by the thermal decomposition of Ce1-
xPrx(OH)2Cl (Figure 59) can be indexed and the profile fitted to a cubic fluorite cell 
(space group: Fm3̅m) within the range 0.1 ≤ x ≤ 0.5. As x increases the lattice 
parameter increases until about the Pr content reaches 0.2 substitution, after which 
the lattice parameter decreases in the x = 0.3 to 0.5 range (Figure 60). The expected 
trend should be roughly linear as Pr4+ is marginally smaller than Ce4+ (0.96 and 0.97 
Å, respectively). As praseodymium is a multivalent cation an explanation for this 
unusual trend is that the compounds contain Pr3+ (1.143 Å) as the major species, as it 
is larger than Pr4+. The Pr3+/Pr4+ ratio can give rise to non-stoichiometric phases, 
therefore in these Pr-substituted cerium oxides with suspected differing oxidation 
state ratios, different oxygen contents are possible and hence will also affect the 
strain values.  
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Figure 32:Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xPrxO2-δ (0.1 ≤ x ≤ 0.5) after thermal 
decomposition of Ce1-xPrx(OH)2Cl. 
Table 7: Results of Le Bail fitting to powder XRD data of Ce1-xPrxO2-δ (0.1 ≤ x ≤ 0.5). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9Pr0.1O2-δ 5.41634 (17) 89 (18) 0.0141 (3) 176 (5) 
Ce0.8Pr0.2O2-δ 5.4178 (2) 77 (16) 0.0178 (3) 167 (4) 
Ce0.7Pr0.3O2-δ 5.4171 (2) 74 (17) 0.0201 (1) 176 (2) 
Ce0.6Pr0.4O2-δ 5.4130 (4) 78 (22) 0.0225 (6) 245 (2) 























































Figure 60: Lattice parameter, crystallite size, strain and L of Ce1-xPrxO2-δ after thermal decomposition of Ce1-
xPrx(OH)2Cl as a function of praseodymium substitution (0 ≤ x ≤ 0.5). 
As with the Ce1-xGdx(OH)CO3, Ce1-xPrx(OH)CO3 is also only capable of  a 
praseodymium substitution up to a value of x = 0.2 (Figure 30). Increased 
substitution is possible however, the reactions aren’t very reproducible, so they have 
not been reported. The powder XRD pattern of the Pr(NO3)3 used solely in the 
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Figure 62: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xPrxO2-δ (0.1 ≤ x ≤ 0.2) after thermal 
decomposition of Ce1-xPrx(OH)CO3. 
Table 20: Results of Le Bail fitting to powder XRD data of Ce1-xPrxO2-δ (0.1 ≤ x ≤ 0.2). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9Pr0.1O2-δ 5.4135 (2) 139 (18) 0.0053 (6) 199 (11) 
Ce0.8Pr0.2O2-δ 5.41784 (19) 112 (16) 0.0077 (6) 172 (9) 
 
The lattice parameters of the Ce1-xPrxO2-δ samples in comparison with literature 
values show an increased expansion of the unit cell for the same substitution values 




























Figure 63: Qualitative comparison of lattice parameter as a function of x for the Ce1-xPrxO2-δ samples synthesised 
by the thermal decomposition of Ce1-xPrx(OH)2Cl and Ce1-xPrx(OH)CO3. These results are compared against lattice 
parameters extracted from literature. [6-7] 
4.6.2 Further Characterisation  
The TGA results of the solvothermally synthesised Ce1-xPrx(OH)2Cl (0.1 ≤ x ≤ 0.5) 
powders from room temperature to 1000 °C are illustrated in Figure 64. The addition 
of praseodymium at low substitution values (x = 0.1 or 0.2) as with Ce(OH)2Cl 
shows a single step decomposition trace. However, as the praseodymium content 
increases above these levels other decomposition steps become more prominent. 
These steps can be attributed to the materials undertaking the same transitions as 
observed in the in situ powder XRD (Figure 58). After the temperature surpasses 300 
°C it is also found that the particles change colour from black to dark red.  
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Figure 64: Thermogravimetric analysis of Ce1-xPrx(OH)2Cl (0.1 ≤ x ≤ 0.5). 


























Figure 33: Thermogravimetric analysis of Ce1-xPrx(OH)CO3 (0.1 ≤ x ≤ 0.2). 
Figure 66 shows the SEM micrographs of the Pr-substituted samples before (Ce1-
xPrx(OH)2Cl) and after thermal decomposition to Ce1-xPrxO2-δ. Herein again, the 
morphology isn’t significantly affected by the addition of praseodymium or being 
97 
 
subjected to the calcination step. The elemental compositions of the Ce1-xPrx(OH)2Cl 
samples were determined by EDXA analysis as shown in Table 21. The elemental 





Figure 66: SEM micrographs of a) Ce0.9Pr0.1(OH)2Cl, b) Ce0.8Pr0.2(OH)2Cl, c) Ce0.7Pr0.3(OH)2Cl, d) Ce0.6Pr0.4(OH)2Cl, e) 









Ce0.9Pr0.1(OH)2Cl 89.4 10.6 0.3 
Ce0.8Pr0.2(OH)2Cl 79.7 20.3 0.6 
Ce0.7Pr0.3(OH)2Cl 69.3 30.7 0.6 
Ce0.6Pr0.4(OH)2Cl 58.7 41.3 0.4 
Ce0.5Pr0.5(OH)2Cl 51.5 48.5 0.5 
 
 
Figure 347: SEM micrographs of a) Ce0.9Pr0.1(OH)CO3, b) Ce0.8Pr0.2(OH)CO3. The right-hand panels (c-d) 
correspond to left-hand samples after thermal decomposition to Ce1-xPrxO2-δ. 





Ce0.9Pr0.1(OH)CO3 86.4 13.6 4.7 
Ce0.8Pr0.2(OH)CO3 76.7 23.3 3.6 
 
4.7 Terbium substituted ceria  
4.7.1 Powder XRD 
Powder XRD patterns of Ce1-xTbx(OH)2Cl (Figure 68) can be indexed and the profile 
fitted using a similar procedure applied to the Pr-substituted hydroxide chlorides 
(Figure 56). Analysis of the refined lattice parameters (a, b, c and β) and cell volume 
as a function of Tb substitution (Figure 69), shows again a moderately linear trend 
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Figure 35: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xTbx(OH)2Cl (0.1 ≤ x ≤ 0.5). 
Table 10: Results of Le Bail fitting to powder XRD data of Ce1-xTbx(OH)2Cl (0.1 ≤ x ≤ 1). 

















































































































































Figure 369: Geometric parameters extracted from the Le Bail fitting of the powder XRD data of Ce1-xTbx(OH)2Cl 
as a function of terbium substitution (0 ≤ x ≤ 1). 
Reflections attributed to TbOCl can be seen by in situ powder X-ray diffraction data 
of Tb(OH)2Cl in air at temperatures as low as 350 °C (Figure 70). After the 
temperature progresses to 550 °C, another phase transformation occurs where the 




Figure 70: Contour plot of in situ powder XRD patterns of Tb(OH)2Cl heated from room temperature to 800 °C, 
compared against reference patterns of present phases shown above. [2,3,7] 
As x increases the lattice parameter for the Ce1-xTbxO2-δ samples decreases due the 
contraction of the unit cell. This can be explained by the fact that the ionic radius of 
Tb is smaller than that of Ce, being 0.88 and 0.97 Å respectively.  
The crystallite size of calcined Ce0.9Tb0.1(OH)2Cl was found to be 107 Å according 
to all the Bragg reflections across the 15 – 120 ° range using the Scherrer equation. 
As the terbium content increases the Bragg peaks broaden and hence the crystallite 
size decreases. 
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Figure 71: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xTbxO2-δ (0.1 ≤ x ≤ 0.5) after thermal 
decomposition of Ce1-xTbx(OH)2Cl. 
Table 11: Results of Le Bail fitting to powder XRD data of Ce1-xTbxO2-δ (0.1 ≤ x ≤ 0.5). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9Tb0.1O2-δ 5.40036 (19) 107 (9) 0.0047 (5) 135 (4) 
Ce0.8Tb0.2O2-δ 5.3922 (4) 106 (12) 0.0065 (5) 148 (5) 
Ce0.7Tb0.3O2-δ 5.38319 (17) 95 (27) 0.01826 (6) 296 (2) 
Ce0.6Tb0.4O2-δ 5.3735 (4) 88 (28) 0.0224 (2) 385 (17) 

































































Figure 72: Lattice parameter, crystallite size, strain and L of Ce1-xTbxO2-δ after thermal decomposition of Ce1-
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Figure 74: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xTbxO2-δ (0.1 ≤ x ≤ 0.2) after thermal 
decomposition of Ce1-xTbx(OH)CO3. 
Table 25: Results of Le Bail fitting to powder XRD data of Ce1-xTbxO2-δ (0.1 ≤ x ≤ 0.2). 
Sample a (Å) a Crystallite size (Å) bCε bL (Å) 
Ce0.9Tb0.1O2-δ 5.39691 (7) 200 (43) 0.00658 (13) 419 (10) 
Ce0.8Tb0.2O2-δ 5.38416 (7) 202 (19) 0.0027 (3) 260 (10) 
 
The lattice parameters for the Ce1-xTbxO2-δ samples produced by the thermal 
decomposition of Ce1-xTbx(OH)2Cl, are larger than the values calculated for Ce1-
xTbx(OH)CO3 as well as for the parameters extracted from literature. As with 
praseodymium, terbium is also a multivalent cation so the difference in trends 
between the two sets of materials can be attributed to Tb3+/Tb4+ ratio contained 
within the samples. Tb3+ having the larger of the two ionic radii, 1.04 Å in 






















Figure 37: Qualitative comparison of lattice parameter as a function of x for the Ce1-xTbxO2-δ samples synthesised 
by the thermal decomposition of Ce1-xTbx(OH)2Cl and Ce1-xTbx(OH)CO3. These results are compared against 
lattice parameters extracted from literature. [8-9] 
4.7.2 Further characterisation  
Additional characteristics of the samples were also investigated using 
thermogravimetric analysis. The TGA of Ce1-xTbx(OH)2Cl (0 ≤ x ≤ 0.5) up to 1000 
°C (Figure 76) shows a very sharp endothermic peak observed at around 350 °C. 
Increasing Tb content doesn’t appear to have any significant impact of the 
decomposition temperature of the hydroxy chloride materials. However, the TGA 
traces for the Ce1-xTbx(OH)CO3 samples does impact the decomposition step 
increasing it to 265 and 295 °C for x = 0.1 and 0.2, respectively.  
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Figure 38: Thermogravimetric analysis of Ce1-xTbx(OH)2Cl (0.1 ≤ x ≤ 0.5). 






























Figure 40: SEM micrographs of a) Ce0.9Tb0.1(OH)2Cl, b) Ce0.8Tb0.2(OH)2Cl, c) Ce0.7Tb0.3(OH)2Cl, d) Ce0.6Tb0.4(OH)2Cl, 









Ce0.9Tb0.1(OH)2Cl 88.6 11.4 1.5 
Ce0.8Tb0.2(OH)2Cl 78.3 21.7 2.0 
Ce0.7Tb0.3(OH)2Cl 69.5 30.5 1.8 
Ce0.6Tb0.4(OH)2Cl 58.5 41.5 2.1 
Ce0.5Tb0.5(OH)2Cl 51.8 48.2 1.4 
 
 
Figure 41: SEM micrographs of a) Ce0.9Tb0.1(OH)CO3, b) Ce0.8Tb0.2(OH)CO3. The right-hand panels (c-d) 
correspond to left-hand samples after thermal decomposition to Ce1-xTbxO2-δ. 





Ce0.9Tb0.1(OH)CO3 89.9 10.1 0.9 
Ce0.8Tb0.2(OH)CO3 79.4 20.6 1.5 
 
4.8 Temperature programmed reduction (TPR) 
Figure 80 shows the TPR profiles of Ce0.8Ln0.2O2-δ prepared from the thermal 
decomposition of Ce0.8Ln0.2(OH)2Cl and Ce0.8Ln0.2(OH)CO3 (Ln = La, Pr, Gd and 
Tb) up 900 °C. The reduction of the samples, irrespective of the synthesis, or the 
lanthanide content results in a reduction peak in the 200 – 600 °C temperature range 
attributed to surface reduction. A second peak is also present within the ≥ 700 °C 
temperature range associated with the bulk reduction of the material, pure CeO2 
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being a prime example of this behaviour. A second TPR was then measured after an 
intermediate re-oxidation up to 600 °C under flow of 5% O2 in He. As expected the 
CeO2 samples formed from the thermal decompositions of both Ce(OH)2Cl and 
Ce(OH)CO3 shows a diminished surface reduction after repeat H2 reduction due to 
the sintering of the particles, the effect of this is seen by the surface peak being 
diminished and the bulk relatively larger. The results of the first H2-TPR shows 
clearly that the presence of La or Gd in ceria leads to an overall decline in the total 
percentage of Ln reduction compared to un-substituted ceria (Table 28). The addition 
of Gd visually shows a slight increase in the area of the lower temperature surface 
reduction peak, but a large decrease in the higher temperature bulk reduction for the 
CeO2 formed from the Ce0.8Gd0.2(OH)2Cl sample in contrast to pure ceria. The 
second TPR measurement for this sample show both reduction peaks shifting to 
lower temperature, with the surface reduction being influenced the most from 555 
down to 310 °C. The CeO2 formed from the thermal decomposition of 
Ce0.8Gd0.2(OH)CO3 however suffers from a decreased area in both the surface and 
bulk reduction peaks. Unlike the sample from Ce0.8Gd0.2(OH)2Cl the second TPR 
profile of this sample remains unchanged from the first, with only a small increase in 
activity (5.6%). Visually the first TPR profiles for both Ce0.8La0.2O2-δ samples 
formed from the Ce0.8La0.2(OH)CO3 and Ce0.8La0.2(OH)2Cl samples show little 
differentiation between them. As with the Ce0.8Gd0.2(OH)2Cl sample the second TPR 
profile of the Ce0.8La0.2(OH)CO3 sample remains unchanged from the first. The 
Ce0.8La0.2(OH)2Cl sample however, has increased surface reduction compared to the 
first TPR measurement and at a lower temperature (338 °C) compared to CeO2. 
Typically, the incorporation of La or Gd into ceria has been reported to lower the 
temperature of both reduction peaks. [8-10] Whereas here it can be seen that the 
addition of Gd or La hinders the reduction of CeO2 at lower temperatures before 
improving it. Multiple TPR measurements were conducted on the Ce0.8Gd0.2O2-δ 
sample, which was originally Ce0.8Gd0.2(OH)2Cl (Figure 81). The TPR profiles 
shows that the peak associated with surface reduction follows the previously 
mentioned trend before the progression of the sintering process to the bulk. It is still 
unclear if the activation of the surface reduction speaks more towards the longevity 
of the catalyst or if it’s due to an unknown cation migration pathway. The TPR 
profiles exhibits lower surface reduction temperature upon the addition of Pr or Tb 
which resulted in the easier reduction of Ce4+ to Ce3+ at the surface. For the first TPR 
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measurement the Ce0.8Pr0.2O2-δ and Ce0.8Tb0.2O2-δ samples contain two surface 
reduction peaks. This is an indication towards the surface oxygen being present in 
different environments, suggesting that both Tb and Pr participate towards the total 
observed reduction. The assumption for the calculated percentages of the Pr and Tb 
substituted ceria, is that the reduction is solely due to reduction of Ce4+. 
Praseodymium and terbium however, possess the same property and hence redox 
capabilities of their own. However, the Gd and La cations, unlike Ce, Pr, and Tb, 
have only one trivalent state and hence no redox couple. The changes in the H2-TPR 
profiles of these substituted materials is primarily due the replacement of the Ce4+ 
with either of the lanthanides, thereby promoting the formation of non-stoichiometric 
CeO2. Supported by reports on H2-TPR measurements on La2O3 which have 
concluded that it barely undergoes reduction and it doesn’t possess any surface 
oxygen species. [11] The total reduction values for the Tb and Pr samples all virtually 
increase, and this can be explained partially by the Pr and Tb not being fully re-
oxidised in 5% O2 at 600 °C compared to the original sample calcination at 700 °C 
prior to the TPR measurement. Notably, the Ce0.8Tb0.2O2-δ sample decomposed from 
Ce0.8Tb0.2(OH)2Cl has a heightened surface reduction peak intensity which shifts 
from 319 to 295 °C between TPR measurements. This property is an attractive 
quality for materials used in exhaust applications, particularly for cold start 
conditions. The Ce0.8Tb0.2(OH)CO3 sample in comparison, has surface reduction 
peaks which emerge at higher temperatures which remain in relatively the same 
position during the second measurement. The TPR profiles of the Ce0.8Pr0.2O2-δ 
mixed oxides show two large reduction peaks at about 450 and 540 °C, which shift 
to higher temperatures and have the largest Ce4+ reduction percentages and one of 
the lowest Tmax values. The profiles however, are not atypical from other similar 
mixed Ce/Pr oxides. [8,9,12,13] The powder XRD measurements after the TPR/TPO 













































 CeO2 - Ce0.8Pr0.2CO3OH
 CeO2 - Ce0.8Pr0.2(OH)2Cl
 CeO2 - Ce0.8Tb0.2(OH)CO3
 CeO2 - Ce0.8Tb0.2(OH)2Cl
 CeO2 - Ce0.8Gd0.2(OH)CO3
 CeO2 - Ce0.8Gd0.2(OH)2Cl
 CeO2 - Ce0.8La0.2(OH)CO3
 CeO2 - Ce0.8La0.2(OH)2Cl
 CeO2 - Ce(OH)CO3
 CeO2 - Ce(OH)2Cl
 
Figure 42: Sequential TPR profiles of Ce1-xLnx(OH)2Cl and Ce1-xLnx(OH)CO3 materials after thermal decomposition 
to Ce1-xLnxO2-δ (with an intermediate re-oxidation (TPO) at 600 °C). 
Table 148: Summary of results from TPR of CeO2 and Ce1-xLnxO2-δ synthesised from the thermal decomposition of 
Ce1-xLnx(OH)2Cl and Ce1-xLnx(OH)CO3. Tmax corresponds to the temperature at which the maximum of H2 uptake 
occurs.  
Sample 
First TPR Second TPR First TPR Second TPR 
(Total Ln reduced / %) Tmax (°C) Tmax (°C) 
CeO2 - Ce(OH)CO3 49.6 48.1 830 832 
CeO2 - Ce(OH)2Cl  48.1 38.4 836 837 
CeO2 - Ce0.8La0.2(OH)CO3 26.6 15.6 571 622 
CeO2 - Ce0.8La0.2(OH)2Cl 20.2 36.4 569 630 
CeO2 - Ce0.8Gd0.2(OH)CO3 16.4 22.0 745 730 
CeO2 - Ce0.8Gd0.2(OH)2Cl 31.4 33.8 555 742 
CeO2 - Ce0.8Tb0.2(OH)CO3 25.8 60.6 484 527 
CeO2 - Ce0.8Tb0.2(OH)2Cl 45.6 44.6 773 295 
CeO2 - Ce0.8Pr0.2(OH)CO3 56.0 73.8 443 540 






































Figure 81: Sequential TPR profiles of Ce0.8Gd0.2(OH)2Cl after thermal decomposition to Ce0.8Gd0.2O2-δ (with an 
intermediate re-oxidation (TPO) at 600 °C between each TPR measurement). 
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Figure 82: Powder XRD patterns of the Ce1-xLnxO2-δ samples after subjection to the TPR-TPO-TPR measurements. 
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4.9 X-ray absorption spectroscopy  
4.9.1 Tb LIII-edge XANES 
The choice of substituting cerium cations with terbium was motivated because the 
terbium ion is known to adopt the mixed valence state Tb3+/Tb4+ in several 
compounds. To determine the ratio of the mixed valence state at room temperature, 
the calibration line was obtained using the XANES spectra of Tb(OH)2Cl and Tb4O7.  
In this experiment, Tb(OH)2Cl was used as a Tb
3+ standard. For the standard, the 
XANES spectrum exhibits one main single absorption peak which is assigned to the 
Tb cation being in a trivalent state (As observed typically with other lanthanide 
oxides). Double absorptions peaks are observed in all the rest of the cases. These two 
peaks arise due to the transition of a Tb 2p3/2 core electron to a mixed valence state 
of terbium, one Tb 4f7 and the higher peak Tb 4f8L (L, represents a ligand hole in the 
O 2p orbital) both of which represent Tb
4+ cations. A clear shift of the absorption 
edge to higher energies is observed upon increasing Tb substitution, indicating an 
increase in their valence state.  


























Figure 83: Normalised Tb LIII-edge XANES spectra of Ce1-xTbxO2-δ compared against reference compounds with 
known Tb oxidation states (Tb(OH)2Cl and Tb4O7). 
The XANES comparison between the two Ce0.8Tb0.2O2-δ samples decomposed from 
the Ce0.8Tb0.2(OH)2Cl and Ce0.8Tb0.2(OH)CO3, shows that the sample derived from 
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the carbonate contains more Tb4+ than the other method. This observation agrees 
with the XRD results, the lattice parameter is smaller for the carbonate as Tb4+ is 
smaller than Tb3+ (0.88 and 1.04 Å, respectively). 



























Figure 43: A plot of energy (defined at which normalised absorption = 1.0) as a function of oxidation state, 
extracted from a linear fit of the reference compound, to estimate the oxidation states in the Ce1-xTbxO2-δ 
compounds. 
4.9.2 Pr LIII-edge XANES 
In this experiment, Pr(OH)2Cl was used as a Pr
3+ standard. For the standard, the 
XANES spectrum exhibits one main single absorption peak which is assigned to the 
Pr cation being in a trivalent state (as observed typically with other lanthanide 
oxides). The peak is observed due to the transition of a Pr 2p3/2 core electron to the 
4f25d, which represents Pr4+ cations. Double absorptions peaks are observed in all 
the rest of the cases (Figure 85). These two peaks arise due to the transition of a Pr 
2p3/2 core electron to a mixed valence state of praseodymium, one Pr 4f
25dL and the 
higher energy peak Pr 4f15d (L, represents a ligand hole in the O 2p3/2 orbital) both 
of which represents Pr4+ cations. A clear shift of the absorption edge to higher 
energies is observed upon increasing Pr substitution, indicating an increase in their 


























Figure 44: Normalised Pr LIII-edge XANES spectra of Ce1-xPrxO2-δ compared against reference compounds with 
known Pr oxidation states (Pr(OH)2Cl and Pr6O11). 
A linear relationship between metal oxidation state and the energy shift of the 
absorption edge has been illustrated by Figure 86. The comparison between the two 
Ce0.8Pr0.2O2-δ samples decomposed from the Ce0.8Pr0.2(OH)2Cl and 
Ce0.8Pr0.2(OH)CO3 samples, shows that the decomposition of the hydroxy chloride 
sample contains more Pr4+. The results deduced from the XANES spectra of the Pr-
substituted ceria agreed with the results from the powder X-ray diffraction analysis. 
The major species of Pr in the mixed oxide is Pr3+ which is a larger cation than Pr4+ 
giving rise to a slight expansion of the unit cell and hence enlargement of the lattice 
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Figure 86: A plot of energy (defined at which normalised absorption = 1.0) as a function of oxidation state, 
extracted from a linear fit of the reference compound, to estimate the oxidation states in the Ce1-xPrxO2-δ 
compounds. 
4.10 Conclusions 
In this chapter, a solvothermal synthesis method utilizing similar conditions was 
used to produce an extended series of Ce1-xLnx(OH)2Cl and Ce1-xLnx(OH)CO3 (Ln = 
La, Gd, Pr and Tb) materials. Simply altering the lanthanide starting reagent (LnCl3 ∙ 
nH2O/Ln(NO3)3 ∙ nH2O) and the molecular weight of the polymer (Mn200 or Mn400) 
yields two different structures each with their own distinct morphologies. The 
thermal decompositions of these materials allow for the formation of substituted 
cerium oxide (Ce1-xLnxO2-δ) whilst retaining their unique morphologies via a novel 
preparation method. A detailed study of all structures was undertaken, using several 
techniques to prove substitution of the lanthanides has occurred. The results 
confirmed substitution as well as achieving the desired composition. The resulting 
materials were also tested to evaluate their reducibility and potential use in exhaust 
catalysis, by use of H2-TPR. The outcome of these tests suggested that the Ce1-
xLnxO2-δ samples formed from the decomposition of the Ce1-xLnx(OH)2Cl generally 
have increased activity in comparison to the Ce1-xLnx(OH)CO3 samples. The 
presence of Pr or Tb leads to an increase in hydrogen uptake at lower temperatures 
and at an increase quantity in comparison to pure CeO2. There is also the prospect of 
forming more oxygen species if the materials are fired at lower temperatures due to 
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the mixed oxidation states formed for the materials and the comparably easier 
oxidation of cerium, which occurs before the decomposition observed in the TGA 
(XANES confirmation). Overall these observations suggest that the substituted 
cerium oxides could exhibit enhanced activity in oxidizing reactions at low 
temperatures, but further investigation into the longevity and calcination temperature 
effects need to be explored to provide any definitive answers.   
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5. Structural analysis of cerium zirconium oxides synthesised 
via solvothermal and precipitation methods  
5.1 Introduction  
In this chapter, Ce1-xZrxO2-δ (x = 0.5 or 0.8) mixed oxides were synthesised via three 
solution methods from alkoxides. These mixed oxides are acknowledged to be 
structurally complex, owing to the number of phases that can be formed from 
thermal treatment of the samples, often referred to in literature as t, t’, t” and k. [1-2] 
However, they have attracted widespread interest in a number of applications, most 
notable for their use in automotive three-way catalysis, as a component to promote 
the oxygen storage capacity of the catalyst. A reduction treatment of these materials 
at high temperatures has shown to improve the oxygen storage/release properties, 
due the formation of another phase with a higher degree of Ce-Zr cationic ordering. 
This k-Ce2Zr2O8 phase is typically prepared by the mild oxidation under atmospheric 
conditions of a pyrochlore-type structure, in the form of Ce2Zr2O7+δ. In general, the 
pyrochlore phase is formed by reducing Ce0.5Zr0.5O2-δ at high temperatures under a 
flow of hydrogen. The reduction of this phase generates oxygen vacancies, which 
promotes cation mobility and therefore the ordering of the cationic sublattice. 
However, as the reduction of Ce0.5Zr0.5O2-δ requires high temperatures (≥ 1000 °C) to 
form this represents a critical issue for both catalytic performance and commercial 
production costs. The use of hydrogen gas also poses both a fire and explosive 
hazard, so developing new synthetic routes to reduce these factors is key. 
5.2 Synthesis 
AM01 and AM01-SRMO are samples supplied by the Johnson Matthey Technology 
Centre, UK. The AM01 sample is a commercial Ce0.5Zr0.5O2-δ and AM01-SRMO is 
the same sample subjected to a strong-reduction and mild-oxidation to form the k-
Ce2Zr2O8 phase. 
5.2.1 Sol-gel method 
Cerium 2-methoxyethoxide, 18-20% w/w in 2-methoxyethanol and zirconium n-
butoxide, 80% w/w in 1-butanol were used as starting reagents. A typical procedure 
involves stirring the measured volumes of the alkoxide solutions together in the 
same centrifuge tubes (50 ml) using an analytical balance. A magnetic stirrer was 
placed inside the tube, sealed and placed on a stirring plate and was left to stir for a 
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period of 1 hour. Distilled water (~0.5 g) was measured using an analytical balance 
into a glass vial (20 ml) this was added dropwise using a Pasteur pipette. The 
mixture was left to stir for a period of 30 minutes and the centrifuge tube was placed 
in a centrifuge rotating at 40,000 rpm for 10 minutes. The centrifugation was 
repeated after washing the solid sample with fresh distilled water (2 g) twice. The 
solid coated centrifuge tube was air dried overnight and the solid was transferred and 
ground in a pestle and mortar prior to analysis. 
5.2.2 Solvothermal method  
Cerium 2-methoxyethoxide, 18-20% w/w in 2-methoxyethanol and zirconium n-
butoxide, 80% w/w in 1-butanol were used as starting reagents. Samples of Ce1-
xZrxO2-δ were prepared by solvothermal synthesis from liquid alkoxides using 
Teflon-lined, stainless-steel autoclaves (20 mL). In a typical synthesis, Cerium 2-
methoxyethoxide and zirconium n-butoxide were measured using an analytical 
balance to total a desired stoichiometric ratio of 1 mmol. The reaction mixture was 
placed on a stirring plate and was left to stir for a period of 1 hour. The autoclaves 
were then sealed and placed within a preheated fan oven at 240 °C for 24 h, before 
cooling to room temperature. After the reaction, a dark blue/grey precipitate was 
obtained which was recovered by suction filtration. All the solid products were 
washed with deionised water and dried at 70 °C overnight before further 
characterization. 
5.2.3 Solvothermal method (Glovebox, N2) 
The same procedure was also repeated in combination with a nitrogen filled 
glovebox. All the synthetic steps prior to the autoclave being placed within the oven 
were conducted with a glovebox, to remove the air from the headspace within the 
autoclave. The samples were then subjected to thermal treatment as soon as the 
autoclaves had cooled and were opened, without washing or filtration.  
5.2.4 Thermal Treatment of Ce1-xZrxO2-δ 
The products recovered from the sol-gel and solvothermal synthesis were calcined in 
air using a muffle furnace at 10 °C min-1 from room temperature to 700 or 1000 °C 
and held at the designated temperature for 5 h, before cooling.  
The Ce0.5Zr0.5O2-δ products obtained from all three synthetic routes were also 
calcined within a tube furnace to various temperatures ranging between 900-1150 °C 
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at 10 °C min-1 under flow of N2 or 5% H2/N2 at a flow rate of 1 ml min
-1. Once 
cooled the samples were then subject to a mild oxidation, in air at 500 °C for one 
hour.  
5.2.5 X-ray absorption spectroscopy 
The Ce LIII-edge and Zr K-edge X-ray absorption data was collected on Beamline 
B18 at Diamond Light Source, UK. The sample were diluted with polyethylene 
powder and pressed into a 13 mm diameter pellets, approximately 1 mm thick. The 
Absorption data was collected in transmission mode. The spectra were normalised 
using the ATHENA software package. 
NIST-CeO2, CeCl3 and ZrO2 were purchased and used as reference materials to 
calibrate the cerium and zirconium absorption spectra. The AM01 and AM01-SRMO 
reference materials were supplied by Johnson Matthey Technology Centre, UK.  
5.3 Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ mixed oxides 
5.3.1 Powder XRD 
The XRD patterns of the Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ samples synthesised by 
both the solvothermal and sol-gel methods after calcination at 700 and 1000 °C in air 
for 5 h, are shown in Figure 87. The patterns of the powders calcined at 700 °C 
showed the same Bragg reflections, which shift to higher 2θ values for the Zr-rich 
samples. This shift is due to the contraction of the lattice which is consistent with the 
smaller ionic radius of Zr4+ (0.84 Å) compared with that of Ce4+ (0.97 Å). The 
reflections of the samples synthesised by the sol-gel method showed the most 
pronounced peak asymmetry, indicating a higher degree of disorder. This was further 
evidenced in the samples calcined at 1000 °C, by the formation of new tetragonal 
and monoclinic phases for the Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ samples respectively. 
The samples synthesised by the solvothermal method at 1000 °C, show less phase 
variation upon increasing temperature. The main difference is observed in the 
Ce0.2Zr0.8O2-δ sample synthesised by the sol-gel method which was calcined at 1000 
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Figure 45: Powder XRD patterns of Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ samples calcined at various temperatures in 
air, synthesised via both the sol-gel and solvothermal methods, compared against reference patterns taken from 
literature. [3-5]   
5.3.2 Raman spectroscopy  
Raman spectroscopy provides information on the oxygen sublattice and hence 
provides complimentary information on the structure attained from XRD. Raman 
spectroscopy data (Figure 88) of CeO2 shows one broad band centred at around 460-
465 cm-1, attributed to the F2g Raman mode induced by O-Ce-O symmetric 
stretching vibrations characteristic of cubic ceria. The Raman spectra of the as-
prepared Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ samples (Figure 89 and 90) in comparison 
show a broadening, loss of intensity, and a shift to higher wavenumbers of the F2g 
band with increasing Zr4+ content. The observed shifts are caused by the contraction 
of the cell, from the incorporation of a smaller cation. The Ce-O bonding is longer 
and weaker than the Zr-O bond, hence the increased Zr4+ content creates a distortion 
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of the ceria lattice. The Ce0.2Zr0.8O2-δ samples calcined at 700 °C and prepared via 
both the solvothermal and sol-gel methods exhibit multiple extra Raman bands at ca. 
260, 320, and 630 cm-1, characteristic of tetragonal-ZrO2 which has six Raman-
active modes of symmetry (A1g + 3Eg + 2B1g). 
[6] The Ce0.2Zr0.8O2-δ synthesised by 
the sol-gel method and calcined at 1000 °C contains a doublet of Raman bands at ca. 
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Figure 88: Raman spectra of reference materials (m-ZrO2 and CeO2). 
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Figure 46: Raman spectra of the Ce0.5Zr0.5O2-δ samples calcined at various temperatures in air, synthesised via 
both the sol-gel and solvothermal methods. 
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Figure 90: Raman spectra of the Ce0.2Zr0.8O2-δ samples calcined at various temperatures in air, synthesised via 
both the sol-gel and solvothermal methods. 
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5.4 X-ray absorption spectroscopy (XAS) 
5.4.1 Ce LIII-edge XANES 
The Ce LIII-edge XANES presented in Figure 91 shows that the as-prepared 
materials synthesised by the sol-gel method have the same profile as NIST-CeO2. 
For these samples it means that the oxidation state of cerium is Ce4+. The as-
prepared materials synthesised by the solvothermal method however show a shift of 
the edge position to lower energy, and a double peak feature which indicates that the 
materials contain more Ce3+. The starting reagent (cerium 2-methoxy ethoxide) 
contains cerium in the +4 oxidation state, therefore the reduction of the Ce4+ in the 
solvothermal reaction occurs as the alcohols act as a reducing agent. A linear 
relationship between cerium oxidation state and the energy shift of the absorption 
edge has been illustrated by Figure 92. Both the Ce0.5Zr0.5O2-δ and Ce0.2Zr0.8O2-δ 
samples synthesised by the solvothermal method show that approximately 50% of 
the cerium has been reduced after the applied procedure. All of the other calcined 
samples contained cerium in the +4 oxidation state. 


























Figure 91: Normalised Ce LIII-edge XANES spectra of the as-prepared Ce1-xZrxO2-δ compared against reference 
compounds with known Ce oxidation states (CeCl3 and NIST-CeO2). 
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Figure 92: A plot of energy (defined at which normalised absorption = 1.0) as a function of oxidation state, 
extracted from a linear fit of the reference compounds, to estimate the Ce oxidation states in the Ce1-xZrxO2-δ 
compounds. 
5.4.1 Zr K-edge XANES 
Contrary to cerium, zirconium’s oxidation state remains as Zr4+, irrespective of 
oxygen uptake/release as shown by the unaltered Zr K-edge energy position. Some 
structural information can be determined from the inspection of the Zr K-edge 
XANES spectra (Figure 93), which shows slight variations on the pre-edge (A) and 
near-edge (B) absorption regions. The pre-edge absorption region is sensitive to the 
Zr-O geometry and can be assigned to the 1s → 4d transition. This transition is 
affected by the extent of mixing of the d and p orbitals and is more prominent for 
materials with a greater centrosymmetric distortion. The pre-edge feature for the 
AM01 samples is particularly more prominent than the other samples in the XANES 
comparison. For the near-edge region, the distinguishable feature is the splitting of 
the main peak. The asymmetric peak intensity ratio between the edge peak and peak 
B, is more pronounced for AM01-SRMO which again is correlated to the symmetry 
of the Zr-O local co-ordination. The intensity difference between the two becoming 
more apparent for a more centrosymmetric site. The samples prepared via the sol-gel 
method having the lowest peak intensity ratio of the samples resembling more like 


































Figure 473: Normalised Zr K-edge XANES spectra of Ce1-xZrxO2-δ compared against reference compounds (ZrO2, 
AM01 and AM01-SRMO). 
5.5 k-Ce2Zr2O8 mixed oxide 
5.5.1 Powder XRD  
The powder XRD pattern (Figure 94) of the reference k-Ce2Zr2O8 (Space group: 
P213) consist of the structural Bragg peaks for fluorite type structure as well as 
reflections that are assigned to the ordered arrangement of Ce3+ and Zr4+ cations 
along the (1,1,0) direction. The AM01-SRMO sample and the AM01 sample heated 
to 1150 °C under flow of 5% H2/N2 can both be indexed to this phase. However, the 
XRD pattern of the AM01 sample heated to 1150 °C under flow of N2 reveals that 
the k-Ce2Zr2O8 phase doesn’t form under these conditions, instead there are 
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Figure 48: Powder XRD patterns of AM01 reference materials calcined at various temperature under different 
gas flows, compared against reference patterns taken from literature. [5,7]  
Figure 95 shows the powder XRD patterns of the Ce0.5Zr0.5O2-δ samples synthesised 
via three different methods at 1150 °C under flow of either H2 or 5% H2/N2 gas. 
Contrary to the commercial AM01 sample all three methods can form the ordered k-
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Figure 95: Powder XRD patterns of Ce0.5Zr0.5O2-δ calcined at 1150 °C under different gas flows, synthesised by all 
three synthesis methods and compared against a reference k-Ce2Zr2O8 pattern. [7] 
The sol-gel synthesis route to form the k-Ce2Zr2O8 phase was repeated and the 
reduction temperature was decreased to observe if the phase could be formed at 
lower temperatures. The powder XRD patterns shown in Figure 96. show that as the 
reduction temperature is lowered the Bragg peaks become broader and the 
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Figure 96: Powder XRD patterns of Ce0.5Zr0.5O2-δ samples calcined at various temperatures under flow of N2, 
synthesised via the sol-gel method and compared against a reference k-Ce2Zr2O8 pattern. [7] 
The glovebox method was chosen as the synthetic route of choice over the 
conventional solvothermal method as Conducting the solvothermal reaction within a 
glovebox, removes the air from the autoclave, thought to enable further reduction of 
the Ce4+ cations. Hence, reducing the temperature required to form the k-Ce2Zr2O8 
phase as a larger quantity of the cerium cations would already be present as Ce3+. 
The same alterations in temperature were applied as with the sol-gel method and the 
powder XRD patterns of the results are shown in Figure 97. At a reduction 
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temperature of 1000 °C, the presence of the reflections associated with the k-
Ce2Zr2O8 phase are visible. At 900 °C, however close inspection does suggest the 
possibility of the presence of the characteristic peaks, but they’re very weak with 
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Figure 49: Powder XRD patterns of Ce0.5Zr0.5O2-δ samples calcined at various temperatures under flow of N2, 
synthesised via the glovebox method and compared against a reference k-Ce2Zr2O8 pattern. [7] 
The in situ powder XRD experiment (Figure 98) shows that the re-oxidation 
treatment plays a key role in the ordering of the cationic lattice. As the temperature 
increases on this sample previously re-oxidised at 500 °C, the intensity of Bragg 
peaks attributed to the cationic order decrease. Thus, severe or prolonged oxidation 
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leads to the formation of an oxide with a random distribution of Ce-Zr in the 
sublattice. In contrast using an insufficient oxidation temperature will result in the 
































































Figure 50: In situ powder XRD heating experiment of k-Ce2Zr2O8 in air a) (1,1,1) peak b) (3,1,1) and (2,2,2) peak 
respectively. 
5.5.2 Raman spectroscopy  
The Raman spectrum of the k-Ce2Zr2O8 phase changes dramatically in comparison to 
the previous Raman spectra, with an observed large number of Raman bands due to 
the lower symmetry of the kappa-phase. The Raman spectra of the AM01 samples 
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(Figure 99) corresponds well with the results obtained by XRD, in that the AM01 
sample fired under N2 contains more bands attributed to the tetragonal structure.  
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Figure 99: Raman spectra of AM01 reference materials calcined at various temperatures under different gas 
flows. 
Figure 100 shows the Raman spectra of the Ce0.5Zr0.5O2-δ samples synthesised via 
three different methods at 1150 °C under flow of either H2 or 5% H2/N2 gas. 
Comparing the glovebox and solvothermal methods calcined under nitrogen, 
revealed the Raman bands for the glovebox method appear to be more well-defined. 
The sample fired under 5% H2/N2 exhibiting the largest spectral separations of the 
Raman bands which correlates to the sample contain less structural disorder. The sol-



























Figure 100: Raman spectra of the Ce0.5Zr0.5O2-δ samples calcined at 1150 °C, under different gas flows, 
synthesised by all three synthetic methods. 
5.6. Temperature programmed reduction/oxidation (TPR/TPO) 
 
The TPR measurements (Figure 101) indicates how the reduction profiles are 
influenced by the choice of thermal treatment. Notably the AM01 and solvothermal 
method samples calcined under flow of 5% H2/N2, have similar TPR profiles for the 
first measurement, with a slightly lower Tmax value for the solvothermal method. The 
main difference between the two samples occurs during the second TPR 
measurement where the solvothermal method sample’s reduction peak shifts to lower 
temperature (393 °C) and reaches nearly 100% reduction. Whereas the AM01 
sample shows little variation from the first. The solvothermal method sample 
calcined at the same temperature under N2, exhibits the same change in Tmax 
reduction values. The total percentage of reduction however is similar to the 
Ce0.5Zr0.5O2-δ samples fired in air, and the peaks themselves are very broad. For the 
sample fired in air for both synthesis methods, shows for the first TPR that the 
increased calcination temperature (1000 °C) lessens the total reduction percentage. 
The AM01 sample is calcined at 500 °C in air, therefore the difference between all 
measurements can presumably attributed to sintering. 
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 AM01 Fired at 1150 °C (5% H2/N2)
Solvothermal method
 Fired at 1150 °C (5% H2/N2)
 Fired at 1150 °C (N2)
 Fired at 1000 °C
 Fired at 700 °C
Sol-gel method
 Fired at 1000 °C
 Fired at 700 °C
Temperature (°C)  
Figure 51: Sequential TPR profiles of the AM01 reference materials and the Ce0.5Zr0.5O2-δ samples calcined at 
various temperatures under flow of air unless otherwise stated, synthesised via both the sol-gel and 
solvothermal methods (with an intermediate re-oxidation (TPO) at 600 °C). 
Table 29: Summary of results from TPR of the AM01 reference materials and the Ce0.5Zr0.5O2-δ samples calcined 
at various temperatures under flow of air unless otherwise stated, synthesised via both the sol-gel and 















AM01-SRMO 86 N/A 545 N/A 
AM01 70 N/A 553 N/A 
AM01 Fired at 1150 °C (5% 
H2/N2) 
86 89 607 604 
Solvothermal method 
Fired at 1150 °C (5% H2/N2) 92 98 576 393 
Fired at 1150 °C (N2) 65 65 665 380 
Fired at 1000 °C 49 52 552 430 
Fired at 700 °C 66 69 550 523 
Sol-gel method 
Fired at 1000 °C 52 64 587 436 




In conclusion three methods using alkoxide starting reagents have successfully been 
able to synthesis the ordered k-Ce2Zr2O8 phase without the use of reducing gases. 
Presumably due to the homogeneous mixing of the Ce-Zr cations in the liquid phase 
for the sol-gel method. For the solvothermal methods, the incorporation of a larger 
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quantity of Ce3+ cations, ‘pre-reduces’ the sample compared with conventional 
synthesis which aids that method in the formation of the k-Ce2Zr2O8 phase at lower 
temperature in comparison to the sol-gel method.  
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6. Exploratory synthesis of new cerium oxide materials  
6.1 Cerium aluminium oxides  
6.1.1 Introduction  
In this chapter, the aim was to explore using solvothermal chemistry to prepare new 
forms of ceria or new cerium oxides. The first target was substitution of aluminium 
into cerium dioxide via hydrothermal synthesis, in the targeted form of Ce1-xAlxO2-δ.  
There are lots of papers about incorporating trivalent cations in ceria to introduce 
oxide defects, and these are usually lanthanides. It would be interesting to include 
much smaller trivalent cations so to distort the structure and hence introduce more 
strain that may lead to enhanced oxide ion diffusion. Hydrothermal synthesis has 
already been used to introduce unusual metal cations into ceria, so this may provide 
a method to include small cations such as Al3+.  A study of the materials was 
undertaken using several techniques to determine the local environment of the Al. 
Furthermore, the redox and thermal properties of the oxides were explored under 
varying levels of Al substitutions and humidity conditions, to determine any 
influences from the presence of aluminium.  
6.1.2 Hydrothermal synthesis 
Aluminium nitrate nonahydrate (Al(NO3)3 ∙ 9H2O, 1.2 mmol) and cerium nitrate 
hexahydrate (Ce(NO3)3 ∙ 6H2O, 2.8 mmol) were used as starting reagents. Both 
precursors were ground with a pestle and mortar and measured using an analytical 
balance and transferred into a Teflon autoclave liner (20 ml). Sodium hydroxide (10 
M, 8 ml) was measured and was transferred into the Teflon liner. A magnetic stirrer 
was placed inside the liner, which was covered with a lid and placed on a stirring 
plate and was left to stir for a period of 3 hours. This was followed by sealing the 
Teflon liner in a steel autoclave and transferring it into a pre-heated oven set at 240 
°C for 96 hours. The mixture was filtered using a Büchner funnel and flask under 
vacuum pump suction. The solid was placed within a drying oven (70 °C) overnight 
and ground in a pestle and mortar prior to analysis.   
The above procedure was repeated using quantities totalling 4 mmol of the cerium 
and aluminium nitrates according to desired target ratios, to produce Ce1-xAlxO2-δ (0 
≤ x ≤ 0.5) as the final product. 
6.1.2.1 Humidity controlled conditions  
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Ce0.7Al0.3O2-δ samples were synthesised using the hydrothermal method as described 
in section 6.1.2, and then subjected to the following listed conditions prior to 
analysis. Preliminary characterisation suggested that the Al may be on the surface of 
the materials and hence influenced by the surrounding conditions, so the aim to 
investigate the effect of humidity. 
6.1.2.1.1 Fresh sample  
The cerium aluminium oxide reaction was timed to complete the reaction the day 
before the TPR analysis and stored in a glass vial (10 ml).  
6.1.2.1.2 Dry sample 
Calcium oxide (CaO, 2 g) was transferred into a centrifuge tube (50 ml) and a fresh 
sample of cerium aluminium oxide was suspended over the solid within the tube in a 
glass vial (5 ml) and sealed.  
6.1.2.1.3 50% Humidity  
Magnesium nitrate (Mg(NO3)2 ∙ 9H2O, 2 g) was transferred into a centrifuge tube (50 
ml) a small quantity of distilled water was added to form a slurry in order to create a 
saturated salt solution. Cerium aluminium oxide was suspended over the salt solution 
within the tube in a glass vial (5 ml) and tube was then sealed. 
6.1.2.1.4 90% Humidity  
The same procedure as described in section 6.1.2.3 was applied using potassium 
sulfate (K2SO4, 2 g) as the salt.  
6.1.2.1.5 Aged sample  
The cerium aluminium oxide reaction was timed to complete the reaction the 5 days 
prior to the TPR analysis and stored in a glass vial (10 ml). 
6.1.3 Powder XRD 
The powder XRD patterns of Ce1-xAlxO2-δ can be indexed and the profile fitted to a 
cubic fluorite cell (space group: Fm3̅m) within the range 0.1 ≤ x ≤ 0.5. The XRD 
patterns show that the lattice parameter of all five of the samples don’t show any 
trend upon increasing Al content (Figure 102). This suggests that Al hasn’t been 
substituted for Ce, as the ionic radius range of Al3+ (0.39 – 0.535 Å) is nearly half 
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the size of Ce4+ (0.97 Å) so the expected trend would be a larger contraction of the 
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Figure 102: Le Bail fits to Powder XRD data (λ = 1.5405 Å) of Ce1-xAlxO2-δ (0.1 ≤ x ≤ 0.5). (*Indicates aluminium 
sample holder peaks). 
6.1.4 Further characterisation  
27Al solid-state NMR is a useful tool for analysing the local co-ordination of 
aluminium as the chemical sift of 27Al is sensitive to the aluminium’s geometry. The 
majority of observable nuclei is constituted by nuclides with a spin of least a half, 
and aluminium a spin of I = 5/2. 27Al solid-state NMR was used to determine the 
presence of aluminium and the local environment of the aluminium present. The 
interaction of the quadrupole moment with the electronic surroundings of the nucleus 
tends to dominate the NMR spectrum, because of the strong overlap between the 
various resonances, since it’s usually the second largest interaction after the 
fundamental Zeeman interaction. The NMR spectra for the Ce0.8Al0.2O2-δ sample 
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(Figure 103(a)) contains aluminium co-ordinated in multiple co-ordination states 
(AlO4, AlO5 and AlO6). The acquisition of the NMR spectra required an extended 
period of time to collect, also implying that the target aluminium content was not 
achieved. Repeating the NMR spectral acquisition (Figure 103(b)) after one months’ 
time showed that the aluminium co-ordination changed to be predominantly 
pentavalent (32 ppm) with a distribution of quadrupolar broadening parameters and a 
small quantity of hexavalent aluminium (-2 ppm). The powder XRD pattern 
remained unchanged however, suggesting that the aluminium is mobile or easily 
hydratable and has not been incorporated in the ceria lattice.  
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Figure 103: 27Al solid-state nuclear magnetic resonance spectrum of Ce0.8Al0.2O2-δ a) sample as-made b) the 
same sample left in air for a period of one months’ time.   
The 27Al solid-state NMR was repeated using a Ce0.5Al0.5O2-δ sample (Figure 104(a)) 
as it was expected to contain more Al. The NMR spectra, contrary to the 
Ce0.8Al0.2O2-δ sample contains pentavalent aluminium in two states, one more 
crystalline than the other. After this NMR acquisition of the sample was conducted 
and finished the sample was placed inside a glovebox for 57 days. The NMR spectra 
of the same sample was re-measured (Figure 104(b)) and again as above the 













Figure 52: 27Al solid-state nuclear magnetic resonance spectrum of Ce0.5Al0.5O2-δ a) sample as-made b) the same 
sample left under N2 within a glovebox for a period of 57 days. 
The Raman spectra (Figure 105) of HSA (high surface area) CeO2 shows one broad 
band centred at around 460-465 cm-1, attributed to the F2g Raman mode induced by 
O-Ce-O symmetric stretching vibrations characteristic of cubic ceria. The 
Ce0.7Al0.3O2-δ samples show no displacement in the Raman shift upon the addition of 
aluminium, again suggesting that the aluminium hasn’t been incorporated into the 
ceria lattice, as this lattice mode is sensitive to any defects/disorder present in the 
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Figure 53: Raman spectra of reference HSA CeO2 materials compared against the Ce0.7Al0.3O2-δ samples 
subjected to varying levels of humidity’s. 
6.1.5 Temperature programmed reduction/oxidation (TPR/TPO) 
Temperature programmed reduction measurements were conducted on a series of 
Ce1-xAlxO2-δ (0 ≤ x ≤ 0.5) samples (Figure 106) to evaluate any surface redox 
properties the materials might have due to the presence of the aluminium on the 
surface. In comparison to the CeO2 produced by a conventional method, the 
aluminium samples showed improved catalytic activity attributed to the surface 
reduction of the materials. The aged samples in comparison with the fresh samples, 
showed a second lower temperature surface reduction peak at 350 °C.  
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Figure 54: Temperature programmed reduction spectrum of Ce1-xAlxO2-δ (0 ≤ x ≤ 0.5). 
Temperature programmed reduction measurements were conducted on a series of 
Ce0.7Al0.3O2-δ samples (Figure 107) subjected to different humidity conditions. The 
first TPR measurement for all the sets of data was limited to 600 °C to assess 
whether increased surface reduction could be re-activated for cycling if the materials 
were sintered at high temperatures (900 °C). The first TPR measurements (Figure 
107) on the cerium aluminium oxides have a relatively large surface reduction at less 
than 600 °C in comparison to pure CeO2.The freshly prepared samples show a lower 
temperature surface reduction (~400 °C) than the samples subjected to longer and 
higher levels of humidity. After the second reduction cycle it can be observed that a 
minimal amount of the surface reduction is still retained. This is probably due to the 
sintering of the ceria particles, and hence the addition of aluminium does not 
dramatically increase the stability of ceria at high temperatures. However, exposing 
the samples to different conditions changes their first TPR profiles, which is 



















































Figure 55: Sequential TPR profiles of Ce0.7Al0.3O2-δ subjected to varied controlled humidity’s (with an 
intermediate re-oxidation (TPO) at 600 °C).  
6.1.6 Conclusions 
In this section it has been shown that the substitution of aluminium into the CeO2 
fluorite structure is not possible by a hydrothermal method that has been used for 
other metal substitutions. The aluminium is however present in a small quantity on 
the surface of the materials. Changes in atmospheric moisture enables transitions in 
aluminium co-ordination to transpire as confirmed by 27Al solid state NMR. These 
changes in humidity levels and hence aluminium co-ordination has a direct result on 
the materials measured TPR profiles, increasing the surface reduction of CeO2. 
Unfortunately, the increased surface reduction is lost after repeat measurements. 
6.2 Black ceria  
6.2.1 Introduction  
This section’s focal point is not on the incorporation of other metal cations, but 
purely on the colour of the products formed from using an ethyl acetate: H2O 
mixture in a solvothermal reaction. Typically, CeO2 is pale yellow/white in colour, 
however it is shown here that under certain reaction conditions the colour of the 
product is dark blue/black. Similar types of materials have been synthesised recently 
in the form of TiO2-δ by creating surface oxygen vacancies and/or defects via either 
chemical reduction, [1-2] H2 reduction 
[3-4] and hydrothermally. [5] These materials 
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have shown to possess improved photocatalytic activity which is a desirable property 
for applications such as H2 water splitting.  
6.2.2 Solvothermal synthesis 
Cerium nitrate hexahydrate (Ce(NO3)3 ∙ 6H2O, 2 mmol) was ground with a pestle 
and mortar and weighed using an analytical balance and transferred into a Teflon 
liner (20 ml). A 50% v/v mixed solution (8 ml) of water and ethyl acetate was 
measured using a measuring cylinder (10 ml) and was transferred into the Teflon 
liner. A magnetic stirrer was placed inside the liner and was left to stir for a period of 
3 hours. This was followed by sealing the Teflon liner in a steel autoclave and 
transferring it into a pre-heated oven set at 240 °C for 96 hours. The mixture was 
filtered using a centrifuge tube (50 ml) in combination with a centrifuge rotating at 
40,000 rpm for 10 minutes. The centrifugation was repeated after washing the solid 
sample with fresh distilled water (30 ml) twice. The solid coated centrifuge tube was 
placed within a drying oven (70 °C) overnight and the solid was transferred and 
ground in a pestle and mortar prior to analysis. 
6.2.3 Solvothermal control reactions  
The same solvothermal synthesis as described in section 6.2.2 was applied using 
gallium nitrate hydrate (Ga(NO3)3 ∙ nH2O, 2 mmol) or titanium isopropoxide 
(Ti[OCH(CH3)2]4, 2 mmol) in place of cerium nitrate.  
6.2.3 Powder XRD 
The solvothermal reaction of cerium nitrate in an ethyl acetate – water (50:50) 
mixture produces a dark blue/ black coloured highly crystalline sample of CeO2 
confirmed by XRD. The dark colour could be due to the presence of Ce3+ and/or 
organics on the surface of the particles. Another possibility is carbonate 
incorporation as reported by others for TiO2 
[6] which changes the band gap and 
gives the material a dark colour. The interesting aspect of this material is the colour 
as usually ceria has a yellow/white appearance. 
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Figure 568: Powder XRD pattern of CeO2 formed from the solvothermal synthesis in ethyl acetate: H2O and the 
photograph of the material produced. 
Control reactions were conducted to investigate if same phenomenon occurred 
within other metal oxides that are known to have a white/pale colour. As mentioned 
in section 6.2.1 TiO2 can be adopt non-stoichiometry and can adsorb carbonate 
species but applying this synthetic procedure to titanium isopropoxide produces 
anatase with an observed yellow colour.  
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Figure 57: Powder XRD pattern of TiO2 formed from the solvothermal synthesis in ethyl acetate: H2O and the 
photograph of the material produced. The powder pattern is compared against one taken from literature. [7] 
(*Indicates aluminium sample holder peaks). 
The solvothermal reaction of gallium nitrate in an ethyl acetate – water (50:50) 
mixture produces a white coloured crystalline sample of monoclinic β-Ga2O3 
confirmed by XRD. β-Ga2O3 is the most stable of the gallium oxide polymorphs (α-, 
γ-, δ-, and ε-Ga2O3), all of which can be ultimately transformed into β-Ga2O3 
through calcination. [8] The formation of this polymorph under solvothermal 
conditions, is another interesting use of these experimental parameters.  
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Figure 58: Powder XRD pattern of β-Ga2O3 formed from the solvothermal synthesis in ethyl acetate: H2O and the 
photograph of the material produced. The measured powder pattern is compared against one taken from 
literature. [9] 
6.2.4 Further characterisation  
The FT-IR spectra of ethyl acetate contains characteristic bands at ca. 1732 cm-1 (C 
= O stretch), and at 1042 and 1233 cm-1 for the C – O stretches. The FT-IR spectra 
comparison of black ceria against CeO2 (Figure 111) shows that the black ceria 
sample does contain extra stretching vibrations in comparison to the conventionally 
synthesised ceria. The most prominently band being observed at ca. 1071 cm-1, 








































Figure 59: FT-IR spectrum of black compared against CeO2 and ethyl acetate. 
The TGA spectra of the black ceria (Figure 112) shows a 3.3% greater mass loss 
than CeO2 and doesn’t plateau up to 1000 °C. The increased mass difference 
between samples suggests that more surface absorbents are being desorbed 
suggesting the black colour is due to surface organics. This is further emphasised by 




















Figure 60: Thermogravimetric analysis of CeO2 and black ceria. 
The TEM micrograph of the black ceria sample (Figure 113) shows that morphology 
of the material is cuboidal, with sizes ranging in the 10-100 nm region.  
 
Figure 61: TEM micrograph of the black ceria sample. 
6.2.5 X-ray absorption spectroscopy (XAS) 
6.2.5.1 CeLIII-edge XANES 
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The comparison of the XANES spectrum of black ceria (Figure 114) with the Ce 
reference compounds shows that the material contains cerium predominantly +4 
oxidation state. Therefore, the black/blue colour of the material isn’t due to the 
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Figure 62: Normalised Ce LIII-edge XANES spectra of black ceria compared against reference compounds with 
known Ce oxidation states (Ce(NO3)3 and NIST-CeO2). 
6.2.6 Temperature programmed reduction/oxidation (TPR/TPO) 
The temperature programmed oxidation of the black ceria (Figure 115) shows a large 
consumption of oxygen between 180 – 420 °C. The uptake is larger than the 
calibration peak of 1 ml min-1 suggesting that there is a substantial desorption of the 
organic species from the surface of the material.  
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Figure 63: Temperature programmed oxidation of black ceria. 
6.2.7 Conclusion  
In this chapter a novel solvothermal approach was developed for forming an 
atypical, darkly coloured ceria sample. Ce LIII-edge XANES confirmed that the 
black colour was not due the presence of Ce3+ within the sample inducing non-
stoichiometry (CeO2-δ). The TPO and FT-IR measurements provide evidence 
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7. Overall conclusions and future work  
The previous four chapters have discussed the substitution of Ce for various other 
cations via novel synthetic routes. The chapters focus on the characterisation of the 
materials and the subsequent catalytic property testing of selected materials. The 
study illustrates the impact and influence the starting reagents and preparative 
techniques have on the structure and characteristics of the resultant mixed metal 
oxides.  
7.1 Understanding the crystallisation mechanisms involved in the synthesis of 
cerium bismuth oxides 
Four different Ce0.5Bi0.5O2-δ samples were hydrothermally synthesised from a 
combination of starting reagents with different oxidation states. The choice of 
starting reagents has implications on the reaction time to form and affects the 
crystallite size of the final products. The Ce0.5Bi0.5O2-δ samples with the lower 
crystallite size and larger surface areas were derived from the use of 
Ce(NH4)2(NO3)6. It was recognized that the cubic structure of Ce0.5Bi0.5O2-δ was 
formed via the formation of α-Bi2O3 before the inclusion into CeO2. Further X-ray 
diffraction measurements using the Oxford-Diamond in situ cell (ODISC) at 
different reaction temperatures and concentrations. In order to perform additional 
Rietveld refinements to study the transformation kinetics of the starting reagents into 
the final crystalline mixed oxides.  
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7.2 Solvothermal synthesis of lanthanide-substituted Ce(OH)2Cl and 
Ce(OH)CO3 and their thermal decomposition to mixed-metal oxides 
The solvothermal reaction of CeCl3 in PEG yields a previously unreported material. 
Collecting high resolution X-ray diffraction data at a synchrotron of the Ce(OH)2Cl 
and also the synthesised Ce(OH)CO3 sample would be advantageous in refining the 
structures. Solvothermal synthesis of an extended series of Ce1-xLnx(OH)2Cl and Ce1-
xLnx(OH)CO3 (Ln = La, Gd, Pr and Tb) materials was achieved by simply altering 
the lanthanide starting reagent (LnCl3 ∙ nH2O/Ln(NO3)3 ∙ nH2O) and the molecular 
weight of the polymer (Mn200 or Mn400). Lanthanide substitution of up to 50% was 
achieved for each lanthanide apart from lanthanum, high resolution X-ray diffraction 
data would aid in indexing the pure sample produced from LaCl3 in PEG. The 
thermal decompositions of the mixed materials allow for the formation of lanthanide 
substituted cerium oxide (Ce1-xLnxO2-δ) with unique morphologies. XANES revealed 
that the thermal decomposition of Ce1-xLnx(OH)2Cl (Ln = Pr and Tb) at 700 °C 
produces oxides that contain both +4 and +3 oxidation states of the substituted 
lanthanide. Probing different calcination temperatures and subsequent XANES and 
TPR measurements on the Pr and Tb samples would be beneficial to look at how 
controllable and the effects of a larger quantity of Ln3+ has on the reducibility of the 
materials.  
7.3 Structural analysis of cerium zirconium oxides synthesised via 
solvothermal and precipitation methods 
Three methods using alkoxide starting reagents have successfully been able to 
synthesise the ordered k-Ce2Zr2O8 phase without the use of reducing gases. XANES 
measurements revealed that the solvothermal method of synthesis produces materials 
that contain a larger quantity of Ce3+. Removing the oxygen from the autoclave by 
performing the reaction in the glovebox is presumed to permit further reduction of 
cerium, hence enabling the formation of the pyrochlore phase at lower calcination 
temperatures. Conducting further XANES measurements would be advantageous as 
it would provide information about the differences in cerium oxidation states 
between the two solvothermal methods. The recorded Raman spectra and X-ray 
diffraction patterns show that both the sol-gel and solvothermal methods can 
synthesise the ordered k-Ce2Zr2O8 phase under N2 contrary to AM01 which phase 
segregates. The speculation proposed for the solvothermal methods is that it ‘pre-
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reduces’ the cerium cations thereby eliminating the requirement for the H2 reduction 
step in the conventional method. The formation of the k-Ce2Zr2O8 phase using the 
sol-gel method is speculated to be from greater homogeneity of the Ce-Zr cations 
due to the mixing in the liquid state, and hence reducing the sample under 5% H2/N2 
has an adverse effect on the cationic ordering in comparison to under N2. In order to 
better understand the structural differences between the kappa and pyrochlore phase 
produced via each synthesis method, high-resolution electron microscopy and 
compositional analysis would be beneficial techniques to implement. The techniques 
will help to develop a bettering understanding of the disorder-order transition in the 
cation sublattice of these oxides in correlation to the synthesis method utilized. Other 
further work would include reperforming the synthesise using other alkoxide starting 
reagents to identify any markable difference in structure or calcination temperature 
required to reduce the Ce-Zr oxide to the pyrochlore phase under N2 gas. Research 
into the synthesis of the alkoxide starting reagents from scratch also would serve to 
affect commercial viability as the cost of buying pre-made alkoxides is expensive.  
7.4 Exploratory synthesis of new cerium oxide materials  
The substitution of aluminium into the CeO2 fluorite structure was not found to be 
possible via the tested hydrothermal methods discussed in the chapter. The 
aluminium was discovered to be present in a small quantity on the surface of the 
materials. Performing ICP-OES on the aluminium samples would determine how 
much aluminium is present on the surface of the materials.  
A novel solvothermal approach was developed for forming an atypical, darkly 
coloured ceria sample. Performing ICP-OES on the black ceria sample would aid in 
the identification of the apparent surface absorbed organics. Testing the 
photocatalytic activity of the black ceria sample under visible light irradiation, would 
assess the material for any commercial applications.   
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Intercept 0.00395 ± 1.93636E-5 0.02512 ± 1.93244E-4 0.02525 ± 5.49651E-4 0.00932 ± 3.25255E-5
Slope 0.00439 ± 3.16594E-5 0.01081 ± 3.14693E-4 0.02514 ± 8.92291E-4 3.2789E-4 ± 5.30584E-
R-Square (COD) 0.99943 0.99076 0.98633 0.77638
 
Figure 6416: Williamson-Hall plot of the Ce0.5Bi0.5O2-δ samples as-prepared at 240°C for 96 hours. 
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Intercept 0.0017 ± 5.17939E-5 0.00188 ± 1.00339E-4 0.00628 ± 1.12418E-4 0.00789 ± 2.44395E-4 0.00364 ± 8.77453E-5
Slope -2.45945E-4 ± 8.34528 1.67699E-4 ± 1.61813 0.0019 ± 1.81051E-4 0.00189 ± 3.93704E-4 7.27219E-4 ± 1.41477
R-Square (COD) 0.44121 0.08896 0.90948 0.6772 0.70605
 










 CeO2 - Ce(OH)CO3







Intercept 0.00615 ± 1.49119E-4 0.00622 ± 2.01136E-4
Slope 0.01149 ± 2.40571E-4 0.01101 ± 3.24488E-4
Residual Sum of Squares 3.11179E-7 5.65477E-7
 
Figure 118: Williamson-Hall plot of the Ce(OH)2Cl and Ce(OH)CO3 after thermal decomposition to CeO2. 
 

















Intercept 0.00997 ± 3.90621E-5 0.01222 ± 5.95313E-4
Slope 0.01418 ± 6.33491E-5 0.0146 ± 9.70548E-4
Residual Sum of Squares 2.13583E-8 4.95694E-6
 
























Intercept 0.00729 ± 2.1004E-4 0.00752 ± 3.52966E-4 0.00398 ± 4.24494E-5 0.00566 ± 8.19061E-5 0.00851 ± 3.32345E-4
Slope 0.01462 ± 3.40345E-4 0.01833 ± 5.75287E-4 0.03263 ± 6.97327E-5 0.03262 ± 1.35106E-4 0.04966 ± 5.52053E-4
R-Square (COD) 0.99408 0.98929 0.99995 0.99981 0.99864
 
Figure 120: Williamson-Hall plot of the Ce1-xLaxO2-δ (0.1 ≤ x ≤ 0.5) samples after thermal decomposition of Ce1-
xLax(OH)CO3. 





















Intercept 0.00787 ± 2.1127E-4 0.0083 ± 1.71498E-4 0.00787 ± 6.45138E-5 0.00565 ± 3.69706E-5 0.00827 ± 4.0985E-5
Slope 0.01413 ± 3.41086E-4 0.01776 ± 2.76992E-4 0.0201 ± 1.04207E-4 0.02246 ± 5.96709E-5 0.01676 ± 6.61142E-5
R-Square (COD) 0.99363 0.99733 0.9997 0.99992 0.99983
 

















Intercept 0.00695 ± 3.46566E-4 0.00811 ± 3.83769E-4
Slope 0.00534 ± 5.58877E-4 0.00758 ± 6.19537E-4
Residual Sum of Squares 1.67005E-6 2.04785E-6
 
Figure 122: Williamson-Hall plot of the Ce1-xPrxO2-δ (0.1 ≤ x ≤ 0.2) samples after thermal decomposition of Ce1-
xPrx(OH)CO3. 

















Intercept 0.00798 ± 1.5289E-4 0.00597 ± 1.38042E-4 0.00372 ± 1.28283E-4 0.00204 ± 8.01784E-5 0.00112 ± 8.23937E-5
Slope 0.01127 ± 2.4666E-4 0.01672 ± 2.23272E-4 0.02182 ± 2.07739E-4 0.02799 ± 1.29831E-4 0.02812 ± 1.33587E-4
R-Square (COD) 0.99476 0.99804 0.999 0.99976 0.99975
 




















Intercept 0.00798 ± 1.5289E-4 0.00476 ± 1.67693E-4
Slope 0.01127 ± 2.4666E-4 0.00544 ± 2.71224E-4
Residual Sum of Squares 3.24615E-7 3.93069E-7
 
Figure 124: Williamson-Hall plot of the Ce1-xGdxO2-δ (0.1 ≤ x ≤ 0.2) samples after thermal decomposition of Ce1-
xGdx(OH)CO3. 






















Intercept 0.0103 ± 3.20644E-4 0.00934 ± 2.77484E-4 0.00468 ± 3.59749E-5 0.0036 ± 1.49671E-4 0.00273 ± 2.65121E-5
Slope 0.00474 ± 5.16367E-4 0.00653 ± 4.46021E-4 0.01826 ± 5.77452E-5 0.0224 ± 2.39796E-4 0.01888 ± 4.23968E-5
R-Square (COD) 0.88469 0.9512 0.99989 0.99874 0.99994
 


















Intercept 0.00331 ± 7.84292E-5 0.00533 ± 2.05274E-4
Slope 0.00658 ± 1.2622E-4 0.00267 ± 3.29238E-4
Residual Sum of Squares 8.60075E-8 5.86338E-7
 
Figure 126: Williamson-Hall plot of the Ce1-xTbxO2-δ (0.1 ≤ x ≤ 0.2) samples after thermal decomposition of Ce1-
xTbx(OH)CO3. 
 
